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The improved unders tand ing  of g a s - s l r e m  t u r b u l e n t  m i ~ n g  is  contingent  upon 

obtaining a more comprehensive descr ip t ion of t h e  resu l t an t  flow f i e l d  and a 

more precise  evaluation of t h e  turbulent  t r anspor t  proper t ies ,  Under Contract 

NAS7-521 a f a c i l i t y  f o r  study of t h i s  phenomenon was constructed and checked 

out ,  Characterizat ion and diagnost ic  experiments together  with same data  

analys is  were accomplished under t h e  present contrac t ,  NAS~-24568, and a r e  

described herein.  

The flow f i e l d  experimentally studied was t h e  two-dimensional. mixing af fuel -  

r i c h  supersonic hydrogen-oxygen combustion products and a subsonic heated a i r -  

stream. The mixing was accomplished i n  a chamber access ib le  Lo both opt ica l -  

and probe-type instrumentation systems, A t o t a l  of 36 t e s t s  have been conducted 

which included s tud ies  of (1) f i l m  coolant i n t e r a c t i o n ,  (2) t h e  t w o -  

dimensionality of t h e  flow, (3) a i r  temperature e f f e c t s ,  (4) ve loc i ty  r a t i o  

ef fec ts ,  (5)  a i rs t ream turbulence e f fec t s ,  and (6 )  configurat ion e f f e c t s .  The 

data gathered consisted of (I) t e s t  sec t ion s t a t i c  pressure, (2) d d n g  l a y e r  

temperature, ( 3 )  p a r t i a l  pressure of H20, (4) photographic information (W, I R ,  

color ,  and Schl ieren)  , and ( 5) f a c i l i t y  operation. 
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INTRODUCTION 

Technological d e v e l o p e n t s  are required f o r  advmced v e h i c l e  propulsion systems, 

One of t h e  required technology d e v e l o p e n t  e f f o r t s ,  which i s  t h e  sub jec t  of t h i s  

study, i s  the  improved understanding of high-speed gas mixing, Both fundamental 

and applied knowledge of turbulent  mixing a r e  required by engine designers t o  

optimize t h e  design of composite propulsion systems such a s  ramjets,  scramjets ,  

and air-augnented rockets ,  In  addi t ion ,  t h i s  information i s  appl icable  t o  t h e  

study of rocket  engine exhaust plume af terburning.  Here i t  can be u t i l i z e d  i n  

such d ive r se  f i e l d s  a s  m i s s i l e  base heat ing  and radio-frequency communication 

in te r fe rence .  

Bn extens ive  body of phenomenological theory on tu rbu len t  mixing ex i s t s .  

However, t h e  proof of t h e  v a l i d i t y  of t h e s e  theor ie s ,  which a r e  usual ly  formu- 

l a t e d  i n  terms of an eddy t ranspor t  c o e f f i c i e n t  o r  eddy v i scos i ty ,  is g r e a t l y  

impeded by t h e  l imi ted  knowledge of tu rbu len t  t r anspor t  propert ies .  This i s  

p a r t i c u l a r l y  t r u e  i n  t h e  case of mixing involving chemical reac t ions ,  a s  i n  

flames. Therefore, t h e  goal of t h i s  inves t iga t ion  i s  t o  experimentally deter- 

mine i n  d e t a i l  t h e  developing f r e e  shear  l a y e r  i n  a  p a r t i c u l a r  tu rbu len t  mixing 

process with cornbustion. The da ta  t h u s  obtained w i l l  be used t o  generate a 

cmprehensive desc r ip t ion  of t h e  flow f i e l d  and t o  determine t h e  tu rbu len t  

t r anspor t  proper t ies  of t h e  ~ d n g  process. 

En t h e  p s t ,  probe-type i n s t m e n t a t i o n  s y s t a s  have been t h e  p~*ny source of 

data co l l ec t ion ,  "%hese systm?; have t h e  e m o n  disadvantage of a s m p l i n g  $he 

f1.0p.s f i e l d  in Lhe v i c i n i t y  sf %he measusmed s t a t i on  which in t u r n  introduces 



an  inhe ren t  u n c e r t a i n i t y  into these  data, T h i s  f u n d m e n t a l  p s s b l m  

i s  overcme through u t i l i z a t i o n  of o p t i c a l  i n s t m e n h t i o n  devices  which can 

gather  t h e  same data,  except ve loci ty ,  ~ i t h s u t  d i s t u r b i n g  t h e  flow f i e l d ,  T h e s e  

devices have been successful ly  used a t  Rocketdyne f o r  a  number of years .  

The pr incipal  o p t i c a l  instruments ( ~ ~ e c t r o r a d i o m e t e r  and photographic pyrometer) 

u t i l i z e d  on t h i s  program were designed and constructed by Rocketdyne t o  conduct 

spec t roscop i .~  s tud ies  of rocket plume rad ia t ion ,  Measurements a r e  taken through 

appropr ia te  i n t e r n a l  o p t i c s  from a l i n e  of s i g h t  through t h e  region of i n t e r e s t ,  

When t h e  region i s  enclosed by non-transparent hardware, windows must be 

u t i l i z e d ,  Window mate r i a l s  a r e  se lec ted  t h a t  ensure transmission of t h e  

p a r t i c u l a r  specie r ad ia t ion ,  Quartz i s  most commonly u t i l i z e d  because of  i t s  

excel lent  mechanical and o p t i c a l  proper t ies  and i s  t ransparent  t o  r ad ia t ion  

f r m  2000 angstrons t o  3 microns. Other more c o s t l y  ma te r i a l s  a r e  required f o r  

t ransmission beyond t h i s  range. 

The spectroradiometer i s  a v e r s a t i l e  instrument, capable of both s p a t i a l  and 

s p e c t r a l  scanning f o r  q u a n t i t a t i v e  emission and absorption measurements from 

t h e  u l t r a v i o l e t  t o  t h e  in f ra red  s p e c t r a l  regions. It cons i s t s  of a  g ra t ing  

monochromator, de tec to r s ,  entrance op t i c s ,  r ad ia t ion  ca l ib ra t ion  sources, a  

turning fork  rad ia t ion  chopper capable of rapid  s t a r t u p  o r  s top ,  and a zone 

ranging device, which enables t h e  instrument t o  s p a t i a l l y  scan across  t h e  

exhaust plume. It can be  used i n  a  conventional mamer t o  obtain s p e c t r a l  

radiance and s p e c t r a l  absorption coe f f i c i en t s  of a body sf  gas as a function 



o f  wavelen&h, Also, it can be used at a f i x e d  wavelength to ob ta in  spec t r a l  

radiatxce, abso rp t i nn  coef f ic ien t s ,  tmperatures ,  and partial pressures  sf 

species  as a function of spatial pos i t i on ,  

The u l t r a v i o l e t  photographic pyrameter produces a photographic record of t h e  

s p a t i a l  d i s t r i b u t i o n  of t h e  apparent s p e c t r a l  radiance of t h e  mixing region, o r  

i t s  equivalent  br ightness  temperature, a t  low s p e c t r a l  r e so lu t ion ,  Included i n  

i t s  f i e l d  of view a r e  both t h e  hot gases t o  be measured and a r ad ia t ion  standard.  

The rad ia t ion  standard cons i s t s  of a c a l i b r a t e d  tungsten f i lament lamp and a s e t  

of n e u t r a l  dens i ty  f i l t e r s .  The o p t i c a l  components of t h e  pyrometer a l l  t r ans -  

m i t  o r  r e f l e c t  u l t r a v i o l e t  l i g h t .  

These Rocketme-developed o p t i c a l  instruments were applied t o  t h e  study of  a 

2-dimensional mixing l a y e r  between supersonic LOX/GH* combustion products and a 

subsonic heated airstream*. Under an e a r l i e r  con t rac t  (NAs7-521), "Perforznance 

Analysis of Composite Propulsion Systems," t h e  following was accomplished: 

1. - Design of a s u i t a b l e  hydrogen-oxygen combustor, t e s t  sec- 

t i o n ,  and associa ted  subsystems t h a t  ensure uniform p a r a l l e l  two-dimensional 

flow. 

2. Test Hardware Fabricat ion,  Construction of major components required f o r  

t h e  e x p e r b e n t s .  

V h i s  propel lant  combination i s  op t i ca l ly  clean,  i,e,, i t  does not  e ~ n t a i n  s o l i d  
p a r t i c l e s ,  Although flows conkainring solid p r t i c l e s  can be handled by approp- 
ria%e techniques, %he c m p l e d d i e s  i n t r o h c e d  do no% warrant t h e  study o f  
propellant  systms containing s o l i d  p r t i c l e s  at t h i s  t b e ,  



3. - Gonstmct ion  sf a heated air supply, a s s a b l y  of a con- 

t r o l  console ,  mounting 0% t h e  t e s $  hardware, and m t i n g  of  r equ i r ed  supply 

l i n e s  (pruFe;Lant, coolant ,  e tc , )  t o  t h e  experimental con f igu ra t ion ,  

4. - Prepara t ion  of t h e  experiment opera t ing  manual and 

f a c i l i t y  a c t i v a t i o n  ( co ld  flow and f u l l - s c a l e  ho t  flow checkout t e s t s ) ,  

5. Instrumentat ion I c s t a l l a t i o n  - I n s t a l l a t i o n  of  t h e  spectroradiometer ,  LASS 

(Large Aperture s p e c t  romet er /spect  rograph),  photographic pyrometer, t e s t -  

s e c t i o n  s t a t i c  p re s su re  t a p s ,  and manometer bank, 

6 .  Probe Ins t rumenta t ion  - The eva lua t ion  and procurement of s p e c i a l  probe-type 

instrumentat, ion devices  f o r  t h e  de te rmina t ion  of v e l o c i t y  and t o t a l  p re s su re ,  

A d e t a i l e d  d e s c r i p t i o n  of t h e  accomplishment of t h e s e  t a s k s  i s  g iven  i n  Refs. 1 

and 2. For con t inu i ty ,  s e l e c t e d  s e c t i o n s  w i l l  be  a b s t r a c t e d  f o r  i n c l u s i o n  i n  

t h i s  r e p o r t .  

The p re sen t  program was i n i t i a t e d  on 17 June 1969 and t h e  fo l lowing  which is  

descr ibed  i n  t h i s  r epo r t  w a s  accomplished. 

1. - Design and cons t ruc t ion  of a 

t r a v e r s i n g  mechanism f o r  probe-type ins t rumenta t ion  requi red  t o  carnplete 

d a t a  c o l l e c t i o n  requirements ,  

2 , - Conduction of  36 hot  f i r e  tests f o r  t h e  d e t e k n a t i o n  o f :  

(a) t h e  two-dbensionali ty of t h e  flow 

( b )  $he e f f e c t  o f  test-section film cosPmt  on t h e  &P/;sng process 



( e )  a desc r ip t ion  of t h e  basic eonf igmal ion 

(d)  t h e  effect  of' changes i n  a i r  t a p e r a t u s e  

( e )  the effect  sf changes i n  t h e  a i r  turbulence bevel  

( f )  the  inf luence  of ve loc i ty  r a t i o .  

3. - Test da ta  reduction and presenta t ion  of t h e  da ta  i n t o  a 

usable  form f o r  subsequent ca2culation of t h e  turbulent  t r anspor t  proper t ies .  

U t i l i z a t i o n  was made of t h e  flow system fabr ica ted  and checked out under t h e  

previous contract .  The above mentioned o p t i c a l  instrumentat ion systems and a 

50-tube manometer bank were u t i l i z e d  f o r  t h e  determination of :  

1. mixing l a y e r  temperature 

2, mixing l a y e r  H20 p a r t i a l  pressure 

3 ,  t e s t  sec t ion  s t a t i c  pressure 

The determination of t h e  presence of any i n s t a b i l i t i e s ,  background photographic 

da ta ,  and monitoring of f a c i l i t y  operation were accomplished us ing "state-of- 

the-art  ' '  devices, 

A d e t a i l e d  descr ip t ion  of t h e s e  r e s u l t s  together  with sclme background i n f o m t i o n  

i s  included i n  t h i s  r epor t ,  



This report  discusses accsbnplishen-ts made under %A&-24568, "~erformance ha lys i s  

of Propulsion Systems," which i s  a log ica l  extension t o  the  raAS7-521 contract ,  

'%erfomance Analysis of Composite Propulsion Systems," described i n  Ref. 1 and 2. 

Figures 1 through 3 show the  assembled t e s t  section, flow f a c i l i t y ,  zone radiometer, 

and schl ieren apparatus. 

A t o t a l  of 36 fu l l - sca le  t e s t s  were conducted with the  apparatus and included 

s tudies  o f :  

I, f i l m  coolant in te rac t ion  

2 the  two-dimensionality of the  flow 

3. air temperature e f f ec t s  

4. ve loc i ty  r a t i o  e f f ec t s  

5. airstream turbulence e f f ec t s  

6 ,  configuration e f fec t s .  

The da ta  gathered consisted of :  

1. t e s t  sect ion s t a t i c  pressure 

2. mixing layer  temperature 

3. p a r t i a l  pressure of Hz0  

4. photographic information (UV, IR, color, and schl ieren da t a )  

5. f a c i l i t y  operation, 

These r e s u l t s  represent the very f i r s t  col lect ion of mixing data  u t i l i z i n g  non- 

interference techniques,Specialized use sf optical instments fulfilled the da$a 









requirements without r e so r t ing  t o  probe-type devices,  

Data analys is  was confined t o  explanation of trends displayed in the data nand 

t he  production of cross  p l o t s  y ie ld ing temperature and specie concentrat ion maps. 

The ul t imate reduction of the  d a t a  t o  tu rbu len t  t r anspor t  p roper t i e s  was not  a  

cont rac tual  requirement. A d e t a i l e d  desc r ip t ion  of the  present  e f f o r t  i s  given 

i n  ensuing sec t ions  of t h i s  report .  

Under the  previous con t rac t  a  flow f a c i l i t y  and t e s t  hardware were designed, 

fabr ica ted ,  and checked out; o p t i c a l  instrumentat ion systems were i n s t a l l e d  and 

adapted f o r  use; s p e c i a l  instrumentat ion devices and t h e i r  components were speci-  

f i e d  and procured; and f a c i l i t y  da ta  reduction procedures were es t ab l i shed  and 

computerized. 

The t e s t  hardware, as fabr ica ted ,  consisted of an e x i s t i n g  water-cooled two- 

dimensional combustor ( i n j e c t o r  and body) with a s p e c i a l l y  designed water-cooled, 

i d e a l l y  contoured nozzle. The i n j e c t o r  consisted of 32 l iquid-on-gas (impinging) 

t r i p l e t  elements. The in jec tor- to- throat  d is tance  was 11 inches. Based on 

previous f i r i n g s  with t h i s  i n j e c t o r ,  it was est imated t h a t  a c* e f f i c i e n c y  of 

97 percent  would be obtained. The combustor a t t aches  t o  the  upper ha l f  of a  

f u l l y  instrumented windowed t e s t  sect ion,  The lower ha l f  of the  t e s t  sec t ion  

accommodates a  subsonic stream of hot  a i r  t h a t  flows beside and mixes with the 

combustion products i n  the  t e s t  sect ion.  The a i r  nozzle is located  a t  the  e x i t  

p lane  of the  combustor nozzle, Film-cooled windows permit observation of the  

mixing region, h a $ @ i c a l  r e s u l t s  supplied by the  con t rac t  t echn ica l  manager 

and those calcuEaLed rrom RockeLd-me c s m p u t ~ r  programs were uLLXized in the test 



s e c t i o n  and G O ~ ~ U S % O F  nozzle  des ign ,  

The major t e s t  s t a t d  subsystems inc luded :  (1) coolant  water l i n e s  and supp*, 

(2)  l i q u i d  oxygen l i n e s  and supply, (3) hypergol (TEAB) l i n e s  and s u p p l j ,  

( 4 )  gaseous hydrogen l i n e s ,  ( 5 )  f i l m  coolant  l i n e s ,  (6) a i r  l i n e s  and supply,  

and (7)  an a i r  hea t e r .  With t h e  except ion of  a hea ted  a i r  supply and a n  adequate  

supply of coolan t  water ,  a l l  subsystems were r e a d i l y  a v a i l a b l e  t o  t h e  test  pad, 

4 low-pressure wa te r  tank  (200 ga l lons ,  1500 pi) and an  a i r  blower were pro- 

cured and i n s t a l l e d ;  a s p e c i a l l y  designed s t eady- s t a t e  a i r  h e a t e r  was designed 

and f a b r i c a t e d ,  The h e a t e r  was a t t ached  t o  t h e  a i r  blower, which served  as t h e  

a i r  supply. A f u l l - s c a l e  combustor, exhaust nozz le ,  and t e s t  s e c t i o n  mock-up 

was i n s t a l l e d  i n  t h e  t h r u s t  mount and a l l  p rope l l an t s ,  p ressurants ,  and coo lan t s  

were plumbed from t h e i r  supply o u t l e t s  t o  t h e  t e s t  apparatus .  

Af te r  t h e  CEN/TS and t h e  flow f a c i l i t y  were f u l l y  checked out ,  t h e  o p t i c a l  

ins t rumenta t ion  systems were modified f o r  u s e  on t h i s  program and i n s t a l l e d  i n  

t h e  t e s t  p i t .  The spec t roradiometer  (zone radiometer)  was mounted behind a 

b l a s t  w a l l  i n  t h e  t e s t  p i t  and t h e  o the r  o p t i c a l  ins t ruments  were loca t ed  a t  a 

more remote s i t e .  



EXPmmmA%, ASPARATUS AND PLOW FACILITY 

The design of the  experimental apparatus was predicated on the  b a s i s  t h a t  the  

primary source of d a t a  c o l l e c t i o n  would be through o p t i c a l  means. Therefore, 

g r e a t  care was taken i n  the  design phase t o  ensure t h a t  r e l i a b l e  o p t i c a l  d a t a  

could be obtained. The combustor propel lant  f lowrates  of 6.5 lb/sec a t  a mixture 

r a t i o  of 5 were conservatively based upon ca lcu la t ions  performed t o  determine the  

required specie concentrat ion f o r  a f ixed  o p t i c a l  path with a reasonable flow 

height.  This p rope l l an t  f lowrate was nea r ly  i d e n t i c a l  t o  t h a t  de l ive rab le  by an 

e x i s t i n g  Rocketdyne two-dimensional LOX-GH2 t e s t  motor; therefore ,  t h i s  motor was 

u t i l i z e d  a s  the combustor. The combustor cons is ted  of an impinging t r i p l e t  

i n j e c t o r  (32 l i q u i d  on gas impinging elements) with a water-cooled body having a 

flow passage 3.54 inches wide by 2.03 inches high. 

With the  combustor design es tabl i shed,  the  design problem was reduced t o  t h e  

determination of a combustor exhaust nozzle, a i r  nozzle, and mixing chamber t h a t  

would ensure two-dimensional p a r a l l e l  flow and permit adequate observation by the  

o p t i c a l  instrumentation. The b e s t  design consisted of an i n t e g r a l  arrangement of 

these th ree  items and was designated combustor exhaust n o z z l e j t e s t  sec t ion  (CEN/TS). 

F i r ing  dura t ions  of 1 0  seconds, which were required f o r  adequate o p t i c a l  d a t a  

acquis i t ion ,  necess i t a t ed  the  use of f i l m  coolant  t o  maintain the  CEN/TS hardware. 

The i n t e g r a l  design made i n s e r t i o n  of f i l m  coolant  i n t o  the  mixing chamber a 

r e l a t i v e l y  simple matter. Care was taken t o  minimize mixing between the  film cool- 

at and the  p rope l l aa t  streams of i n t e r e s t ,  



LLe requirement .sf a "r,,io-dimensional flow system d i c  ta-tech t h a k t t h e  "r,wo-diinensiond 

combustor exhausz nozzle m u s t  produce uniform p a r a l l e l  flow w i t h  no c ros s  flow, 

This was accoml;lished with the  a i d  of a computer-calculated i d e a l l y  contoured 

nozzle.  The exhaust  nozzle f u l f i l l i n g  t h e s e  requirements was generated from 

c a l c u l a t i o n s  made wi th  t h e  Rocketdyne two-dimensional b e l l  nozzle program. These 

c a l c u l a t i o n s  were compared t o  s i m i l a r  c a l c u l a t i o n s  provided by t h e  c o n t r a c t  tech-  

n i c a l  manager and e x c e l l e n t  agreement f o r  contour  curva ture  was obtained.  The 

des ign  d e t a i l  of t h e  combustor exhaust  nozzle  p r i o r  t o  f i n a l  machining i s  shown 

i n  Fig. 4*. The design f o r  mixture r a t i o  5 i s  t h e  -3 conf igura t ion .  F i n a l  mach- 

i n i n g  opera t ions  reduce the  nozzle t i p  th ickness  a t  the  e x i t  t o  0.060 inch  b u t  d i d  

no t  change the  i n s i d e  contour of t he  nozzle.  The "knife-edge" l i p  permi t ted  smooth 

t r a n s i t i o n  t o  t h e  p a r a l l e l  stream mixing region. 

The a i r  f lowra te  was s e l e c t e d  such t h a t  t he  a i r  f low a r e a  was approximately equa l  

t o  t h e  exhaust  a r e a  of t h e  combustor nozzle,  An a i r  f lowra te  of approximately 

2 lb / sec  s a t i s f i e d  t h i s  condi t ion.  The design d e t a i l  of one s i d e  of t h e  a i r  nozzle  

i s  shown i n  Fig. 5. The gradual  convergence t o  a r e l a t i v e l y  long, f l a t  configura-  

t i o n  a t  t he  nozzle e x i t  induces the  a i r  t o  f low two-dimensionally and p a r a l l e l .  

The nozzle width a t  convergence i s  3.54 inches which i s  i d e n t i c a l  t o  t h e  width of 

t h e  combustor exhaust  nozzle.  The a i r  nozzle  i s  a t t ached  t o  t h e  s i d e  wa l l  of t h e  

CEN/TS. 

*It should be noted t h a t  f a b r i c a t i o n  l i m i t a t i o n s  imposed by the  cool ing  passages 
r equ i r ed  t h a t  the  nozzle expansion s e c t i o n  be shorten2d by 25 percent .  This 
l eng th  reduct ion  was i n i t i a t e d  a t  the  midpoint of t h e  expansion. 
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Figure 5, A i r  Nozzle D e t a i l  



!The CEN/TS design bayout i s  iilus"csa.ted ird. Fig, 6 and an isometric il1us"tradion 

06 it is presented in Fig. I q ,  'The GEN/TS ana-bes to the eonbustar and incoqorates 

an air nozzle located on the bottom s ide  a t  the e x i t  plane of the LOX/GH~ combustor 

nozzle, GN2 f i lm coolant i s  in jec ted  a t  the top of the exhaust product stream t o  

prevent erosion of the t e s t  sect ion top pla te .  Film coolant i s  a l so  inser ted  

along the s ides  of the combustor and a i r  stream t o  p ro t ec t  the  s ide  walls from the  

ho t  combustion products, The s ide  wall  f i lm coolant i s  in jec ted  p a r a l l e l  t o  the  

main streams and a t  ve loc i t i e s  t h a t  minimize mixing between these streams. The 

f i lm coolant  on the air s ide  was in jec ted  a t  approximately the  same pressure and 

ve loc i ty  as the a i r  stream. Mixing between the combustor exhaust products and 

i t s  f i lm  coolant stream was minimized by in jec t ing  the  coolant a t  the t e s t  sect ion 

pressure bu t  a t  sonic velocity.  Due primari ly t o  co s t  considerations, the mixing 

chamber length was l imi ted t o  approximately 9 inches which i s  a l so  the s t a b i l i t y  

l i m i t  ( ~ e f .  3 )  of the f i lm coolant streams. A summary of nominal parameters and 

dimensions f o r  the combustor and CEN/TS i s  presented i n  Table I, 

The locat ion of the viewing po r t s  was based upon r e s u l t s  from a computer program 

( ~ e f .  4) describing gas-phase mixing with combustion f o r  the  design configuration, 

The mixing l ayer  temperature contours f o r  a LOX/G% combustion products stream a t  

a mixture r a t i o  of 5 mixing with a p a r a l l e l  subsonic air stream of 1000 K i s  

i l l u s t r a t e d  i n  Fig. 8, The locat ions  of the a i r  and combustion products streams 

a r e  reversed i n  the ac tua l  physical  configuration, The mixing chamber dimensions 

and the  loca t ion  of the view por t s  a re  overlaid on the  temperature map i l l u s t r a t -  

ing the re la t ionsh ip  of the mixing chamber t o  the ana l f l i ca l ly  predicted mixing 

zone, The viewing por t s  allow obsemation of 25 percent  of the combustor exhaust 

s t r e m  evld 75 percent o f  %he sir s t r e m ,  This enables v i e d a g  of %he en t i r e  



S6L UC13 CAP SCCEW 
+ - . ~ 4 . / f  

! r RlC3374 NOZZLE I REqo 

I \---- JR HEX HEAD C A P  SCREW 
$ - 2 + * l g  s A E ~ O  

@ M K E W  WO. WdOXI. 8 SPAr.O-SEA6 

I 
vtew A-A - J Rsqo s ~ c n a ~  D-D 



-31C3359-3 510.' WALL I KC40 
RIG 5 3 5 9 -  5 SICC WALL 1 rrbO 

74- WALL 1 RCQo I 

L R l c  5% NOZZL E 2 .?tqO 
5TL 5KKU Uf4D CAP SMCW 

j -28 . f  la R E q D  

Figu re  6, G ~ / ' P S  Assernbay 

18 



Figure 7. Combustor Exhau~t Nozzle and Test Section Schematic 
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SLTMMAHY OF COMBUSTON. .WLl cEN/'Ts NOMIML 

PAWMETEItS AND DIMENSIONS* 

Combustor 

qqure  Chamber Pre,,  = 402 p s i a  
F l o w r a t e  a t  Mix tu re  H a t i o  5 = b .5  l b / s e c  
I n j e c t o r - t o - T h r o a t  Length  = 11 i n c h e s  
He igh t  = 2 . 0 3  i n c h e s  
Width = 3.54 i n c h e s  

Jixhaust Nozzle 

Expans ion  h a t i o  = 4.923 
T h r o a t  Area = 3.86 sq i n .  
T h r o a t  H e i g h t  = 1.090 i n c h e s  
E x i t M a c h N o .  = 2 . 7 0  
E x i t  P r e s s u r e  = 1'5.7 p s i a  

A i r  Nozzle 

H e i g h t  = 5.88 i n c h e s  
T h r o a t  Width = 3 . 5 4  i n c h e s  
T h r o a t  Mach No. = 0 . 2 5  
T h r o a t  P r e s s u r e  = 13.7 p s i a  

Mixing Chamber 

He igh t  = 11.982 i n c h e s  
Width = 4 .46  i n c h e s  
Chamber P r e s s u r e  = 13.7 p s i a  

F i lm Coo lan t  (combustor  S i d e  ~ a  11) 

S l o t  Width = 0 . 4  i n c h  
I n l e t  Mach No. = 1 . 0  

(combustor  Top w a l l )  

S l o t  Width = 3 . 5 4  i n c h e s  
S l o t  H e i g h t  = 0 . 6 1 6  i n c h  
I n l e t  Mach No. = 1 . 0  

(Air Side w a l l )  

Slot Width = 0.4 inch 
I n l e t  V e l o c i t y  = Air s t r e a m  v e l o c i t y  

* I n t e r f a c e  d i s t a n c e  between a l l  g a s  s t r e a m s  i s  0 . 0 6 0  i n c h .  





calculated mixing region for an axial distance of 9 inches, 

FLOW FACILITY 

A spec ia l ly  designed flow f a c i l i t y  was constructed a t  the  Combustion and Heat 

Transfer Laboratory of the  Rocketdyne Santa Susana Fie ld  Laboratory. The 

e n t i r e  f a c i l i t y  p r i o r  t o  instrumentat ion i n s t a l l a t i o n  i s  i l l u s t r a t e d  i n  Fig. 9. 

It cons i s t s  of a number of subsystems. These include:  (1) LOX system, ( 2 )  GH2 

sys tem, (3  ) hypergol triethylaluminum/triethylboron ( TEAB) system, ( 4) H20 

system, ( 5 )  GN2 system, and (6 )  the ho t -a i r  system. The contro l  console f o r  the  

various subsystems i s  i l l u s t r a t e d  schematically i n  Fig. 10. 

The allowable engine t h r u s t  l e v e l  f o r  the  t h r u s t  mount ( r e a r  view i s  shown i n  

Fig. 11) i s  7500 pounds which exceeds the  maximurn de l ive rab le  t h r u s t  by a f a c t o r  

of 3. The t h r u s t  mount provided f o r  ease of engine i n s t a l l a t i o n  and allowed 

removal of the  i n j e c t o r  without disassembly of t h e  e n t i r e  apparatus. The observed 

open a rea  i n  Fig. 9, LO f e e t  deep on one s ide  and 40 f e e t  deep on the  near  s ide  of 

the  CEN/TS t h r u s t  mount, was reserved f o r  the  p r inc ip le  o p t i c a l  instrumentation, 

i . e , ,  spectroradiameter, 'LASS ( l a rge  aper ture  spectrometer/spectrograph), and 

photographic pyrome t e r .  

LOX Svstem 

The LOX system i s  i l l u s t r a t e d  i n  Figs. 12 through 14, It consisted of a 43- 

gal lon,  5000-psi, s t a i n l e s s - s t e e l  tank which was capable of supplying LOX a t  the  

t e s t  condit ions f o r  approximately s i x  times the maximum run durat ion,  i , e , ,  60 

seconds, The Lank was f i l l e d  by a"ctacbn1ernt of a 300-gall-on. LOX t r a i l e r  to the  
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26 PURGE CHECK VALVE 

F i g u r e  12. LOX System Schemat i c  
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P i p e  I'&* m and CH2 System 

28 



LYXICII fill tap, Gaseous ni".,rogen, appropriztLely rephated, was used for tank 

pressurization and %he purge, The 700-psi talk pressure for the experimental 

f i r i n g s  was well below the coded value f o r  the vessel.  The discharge l i n e  s i ze  

was 1 inch. 

Gaseous Hydrogen System 

The GH;, system i s  i l l u s t r a t e d  i n  Figs. 1 4  and 15. A 600-cu.ft., 3000-psi b o t t l e  

bank connected t o  the  Santa Susana GF$ network comprised the  laboratory supply 

which was more than suff ic ient .  A regulated 1-inch diameter run l i n e  connected 

t o  the 1-l/2-inch b o t t l e  bank o u t l e t  was located approximately 50 f e e t  from the  

pad. The hydrogen pressure delivered a t  the supply o u t l e t  was approximately 2600 

psi .  Therefore, s ince the combustor operating pressure w a s  nominally 402 psia ,  

pressure drop through the  r e l a t i ve ly  small run l i n e  was not a problem. Gaseous 

nitrogen fed  from the  regulator output of the  hypergol purge served a s  the  f u e l  

purge. 

The TEN3 hypergol system i s  i l l u s t r a t e d  i n  Figs. 16 and 17. It consisted of a 

2-quart, 5000-psi, s t a in less - s tee l  tank which w a s  capable of supplying s u f f i c i e n t  

hy-pergol f o r  approximately 30 t e s t s .  

The regulated GN2 supply used f o r  tank pressur izat ion a l so  served f o r  the  hypergol, 

W;?O, and GH2 purges, The 300-psi working pressure of the hy-pergol system was 

w e l l  below the  pressure ra t ing  of the t&, The discharge l i n e  s i ze  was 1/4 inch. 
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1 3 - 1 5 }  INSTRUMENTATION SYSTEM 
17-1 8 
19-21 DISCHARGE -SYSTEM 
22-29 PURGE SYSTEM 

I4SIGHT GAOE 
15 LOWER S IGHT GAGE SHUT-OFF 
16 TANK 
I 7  INSTRUMENTATION SHUT-WF 
18 TRANSD&ER 
19 SHUT-OFF 
a C H E C K  VALVE 
21 MAIN VALVE 
22PURGE CHECK VALVE 
29PhlFQGE VALVE 

F i g u r e  17. I i ype ryo l  System Schema t i c  



7330 was selec$ed over G1F or F2 as the igni"tion agent because i t i s  less 
3 

corrosive a d  eas i e r  to handle, In addition, ta&ing was done on-site rather 

Lhzn a t  a specia l  area, 

The water system (F'ig. 18) consisted of two s t e e l  tanks (200 gallon, 1500 ps i ;  

and 600 gallon, 1500 p s i )  capable of supplying coolant water f o r  approximately 

150 seconds, i .e.,  f i f t e e n  times the  maximum t e s t  duration. This large supply 

of water permitted r e l a t i v e l y  long pre- a;nd pos t - tes t  cooling of the  hardware. 

The tamks were f i l l e d  from a s o f t  water supply which was f i l t e r e d  before enter ing 

the  tanks. A schematic of the e n t i r e  system i s  presented i n  Fig. 19 and attach- 

ment of the  coolant water t o  the  combustor and the CEN/TS i s  i l l u s t r a t e d  i n  Fig, 

20, Gaseous nitrogen fed from the regulator output of the hypergol purge served 

a s  the water purge. A separate, regulated, GN2 supply was used f o r  tank pressur i -  

zation. The run pressure of 1100 p s i  f o r  both water tanks w a s  well  below the  

coded values f o r  the  vessels,  Both discharge l i n e s  were 1-1/2 inch. 

Gaseous Nitrogen System 

The d i s t r i bu t i on  of the  gaseous nitrogen (GN*) system i s  i l l u s t r a t e d  schematically 

i n  Fig. 21r The low-pressure f i lm coolant regulator i s  shown i n  Fig. 11. The 

other  regula tor  (not  shown) was located on the top of the  t h ru s t  mount, The 

a t t a c h e n t  of the f i lm coolant ducting can be seen i n  Figs. 16 and 20, Also 

shown on Fig. 16 i s  the 120-psi pneumatic system for  the operation of a l l  control  

valves. The remainiag GM plmbimg for purges a d  pressurization Is displo,yed 2 





1-18 PRESSURIZATION SYSTEM 
21-28 F lLL SYSTEM 
29-30 DISCHARGE SYSTEM 
31-32 PURGE SYSTEM 

TO COMBUSTOR TO COMBUSTOR 
PURGE REG. OUT 

I. CHECK VALVE 

2. DOME REGULATOR 

3. DOME VENT 

4. MOTORIZED LOADER 

5. SHUT-OFF 

17. TRANSDUCER 

18. BURST DIAPHRAGM 

19. TANK 

20. TANK 

21. SHUT-OFF 

6. VENT 22. F ILTER 

7. MOTORIZED LOADER 

8. DOME VENT 

23. PRESSURE GAGE 

24. CHECK VALVE 

9. DOME REGULATOR 25. F I L L  

10. CI4ECK VALVE 26. RELIEF VALVE 

I I. BURST DIAPHRAGM 

12. TRANSWCER 

27. F l L L  

28. CHECK VALVE 

13- RELIEF VALVE 29. MAIN 

14. VENT 38. MAIM 

15. VENT 3 1. PURGE CHECK V6SLVE 

16, RELIEF VALVE 32. PURGE VALVE 
Figure  2-9. H20 SysGem Schematic 





TO A L L  CONTROL VALVES 

HYPERGOL PRESSURIZATION SYSTEM AND 
HYPERGOL,GN2,  AND H z 0  PURGES 
T O  LOX PRESSURIZAT ION AND PURGE S Y S T E M  

TO HIGH PRESSURE 
F l L M  COOLANT 

TO LOW PRESSURE 

V Y  - TO H z 0  S Y S T E M  F I L M  C O O L A N T  

I 
GN2 SYSTEM 

G N 2  S U P P L Y  ITEMS : 

2 - 10 F lLM COOLANT PRESSURIZATION SYSTEM 

14 - 19 PNEUMATIC SUPPLY PRESSURIZATION SYSTEM 

I. S H U T - O F F  I I .  PRESSURE GAGE 

2.  S H U T - O F F  

3.  H A N D  LOADER 

4.  PRESSURE GAGE 

12. SHUT-OFF 

13. CHECK VALVE 

14. SHUT OFF  

5 .  DOME V E N T  15. HAND LOADER 

6. DOME R E G U L A T O R  

S DOME REGULATOR 

8 .  DOME V E N T  

9 PRESSURE G A G E  

10. H A N D  LOADER 

16. DOME REGULATOR 

I?. P R E S S U R E  GAGE 

18. VENT 

19. R E L I E F  V A L V E  

Figure  2%. GN, S y s t e m  S c h e m a t i c  
& 



w i t h  each p a r t i c u l a r  subsys tm,  The 23%-psi GN2 bod"r;.e bank l abora tow s u p p l y  

was connected t o  the Santa Susma 3000-psi CN2 network, T h i s  created essen- 

tially an u n l x t e d  n i t rogen  supply. 

The e n t i r e  s t eady- s t a t e  hot  a i r  system (blower, h e a t e r ,  and h e a t e r  power supply)  

i s  shown i n  F ig ,  9. The method of a t ta inment  of t h e  a i r  duc t ing  t o  t h e  CEN/TS 

i s  i l l u s t r a t e d  i n  Fig.  16. The air blower, shown i n  Fig. 22, produced a I - p s i  

head and an a i r  f l a w r a t e  of 2 lb/sec.  Flowrate  c o n t r o l  was achieved by r e s t r i c -  

t i n g  t h e  blower i n l e t .  The 8-inch-square o u t l e t  was close-coupled t o  t h e  a i r  

h e a t e r ,  Di f fus ion  sc reens  a t  t h e  h e a t e r  i n l e t  a ided  i n  expanding t h e  f low t o  t h e  

16-lnch e x t e r n a l  d iameter  of t h e  packed t u b e  bundle hea t e r .  The e l e c t r i c a l  power 

supply and t h e  28-volt dc  c o n t r o l  wi r ing  f o r  t h e  a i r  blower a r e  shown schematic- 

a l l y  i n  Fig. 23. 

The a i r  hea t e r ,  shown dur ing  assembly i n  Fig. 24 cons i s t ed  of a 6.75-foot, 16-inch 

by 0.375-inch w a l l ,  e l e c t r i c a l l y  hea ted ,  s t a i n l e s s - s t e e l  s h e l l .  This  s h e l l  w a s  

packed wi th  approximately 1200 pounds of  0.5-inch by 0.065-inch w a l l  s t a i n l e s s -  

s t e e l  t ub ing ,  The s h e l l s  were c losed  by welded ASME f langes .  The packed t u b e  

bundle was he ld  i n  p l ace  f o r e  and a f t  by d i f f u s i o n  sc reens  t a c k  welded t o  t h e  

chmber  body (F ig ,  25). Both h e a t e r  i n l e t  and o u t l e t  were 8 inches i n  diameter .  

P r i o r  t o  f i n a l  assembly, a flow d i v e r t e r  was placed i n  t h e  h e a t e r  i n l e t  t o  prevent  

channeling of t h e  f low,  Twelve rod type  h a t e r s  r equ i r ing  24 k i lovo l t -mperes  

were hbedded  i n  the  t u b e  bundle mat r ix ,  These r e s i s t a n c e  elements hea ted  t h e  

entire assabJ_gr by conduction, ou te r  case was i n s u l a t e d  t o  a &-inch rad ia l  
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th.ickness with rock: wool wi%h an ovemlrap of" a b d n u m  f o i l .  The heater  c a p c i t y  

w a s  s u f f i c i en t  t o  warm a 2 lb/sec flow of a i r  t o  1000 F for 2 minutes, 

The 25-kilovolt-ampere heater  power supply and i t s  28-volt dc control  wiring 

a re  shown schematically i n  Fig. 26. The e l e c t r i c a l  power was supplied from a 

440-volt ac  three-phase, four-wire d i s t r i bu t i on  system, Variable heating power 

was obtained from a three-gang, three-phase motorized powerstat connected i n  a 

Y configuration. The heaters were operated as  balanced loads on three  s ingle-  

phase c i r cu i t s .  A platinum/platinum 13-percent rhodium thermocouple (0.020-inch 

diameter wires)  was mounted on the external  heater  metal s h e l l  t o  serve as an 

overa l l  temperature protect ion device. 'This thermocouple and a Barber-Coleman 

Capacitrol  control led  the energizing c i r c u i t  of the three-pole magnetic contact,  

allowing remote and/or untended heater  operation. The power supply was located 

near the 440-volt ac  o u t l e t  on the t e s t  stand. 
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A nida~bes o f  special ized i n s t p a e n t a t i o n  s y s t m s  were u t i u z e d  i n  t h i s  prsgrm, 

A d iscuss ion of t h e s e  devices i s  given i n  t h e  following paragraphs. 

ZONE RADIOmTER 

The zone radiometer system, developed t o  study rocket  exhaust r a d i a t i v e  processes 

under Contract MAS3-11261 ( ~ e f .  5),  was used t o  determine t h e  temperature and 

p a r t i a l  pressure p r o f i l e s  of t h e  H20 molecule from measurements of t h e  s p e c t r a l  

emissivi ty and s p e c t r a l  radiance f o r  various l i n e s  of s i g h t ,  

The zone radiometer spectroscopy system i s  shown schematical ly i n  Fig, 27, The 

greybody source and spectroradiometer a r e  described i n  c m p l e t e  d e t a i l  i n  Ref. 5,  

and w i l l  t he re fo re  be discussed only b r i e f l y  here. Spec ia l  care  was taken i n  

t h e  i n s t a l l a t i o n  of t h i s  instrument t o  minimize t h e  transmission of engine vibra-  

t i o n  t o  t h e  o p t i c a l  cmponents. 

The greybody source cons is ted  of a 6-inch long, 3/8-inch diameter, e l e c t r i c a l l y  

heated graphi te  rod mounted i n  a water-cooled, argon-purged housing. Greybody 

rad ia t ion  was o p t i c a l l y  chopped with a c y l i n d r i c a l  "squirrel-cage" chopper t o  

produce an  AC s i s a l  for  absorption measurments, The housing was equipped 

with a shu t t e r .  

With referenee La Fig, 27, fh t  nairsor MI and an %inch d i m s t e r  spher ica l  ~ r r a r  

M2 %om a l:& ge o f  t h e  greybsdy sousee across a v e r t i c a l  plane perpendicular 





$0 t h e  f l o w  ax is  i n  the wif ing  reg ion ,  The greybody housing was ac tua l ly  mounted 

above t h e  ho r i zon ta l  o p t i c a l  plane sf the s y s t m  so t h a t  it would not obscure a 

v i m  of the  mixing region frm other  i n s t m e n t a t i o n ,  The greybody source 

o p t i c s  and f.ht mirror  M3 were moved p a r a l l e l  t o  t h e  flow a x i s  t o  change t h e  

hor izonta l  f i e l d  of v i e w  of t h e  system, Flat mirrors  Mlc and M5 relayed sadia-  

t i o n  from t h e  par t  of t h e  rrkdng region under s tudy t o  t h e  s p e c t r o r a d i m e t e r ,  

An o p t i c a l  diagram of t h e  spectroradiometer i s  shown i n  Fig. 28 and Fig, 29 is  

a photograph of t h e  instrument, The o p t i c a l  path, which w a s  enclosed and purged 

with dry ni trogen,  t o  e l iminate  atmospheric water vapor i n  t h e  l i n e  of s i g h t ,  

was of such a length  t h a t  a  10 : l  reduced image of a  port ion of t h e  mixing region 

was formed a t  t h e  manochromator entrance s l i t  by t h e  te lescope ob jec t ive  mir ror ,  

The f i e l d  of view of t h e  spectroradiometer a t  t h e  mixing region was rec tangular  

i n  cross  sec t ion  (on t h e  order  of 3 x 3 mil l imeters)  and perpendicular t o  t h e  

flow a x i s ,  The width of t h i s  f i e l d  of view was 10 times t h e  width of t h e  

entrance slit. The height  of t h e  f i e l d  of view was determined by an a d j u s t a b l e  

ape r tu re  a t  t h e  entrance sl i t .  During a t e s t  t h i s  cam driven aper tu re  scanned 

d i f f e r e n t  zones of t h e  mixing region i n  t h e  v e r t i c a l  d i rec t ion .  The c ross  

sec t iona l  s i z e  of t h e  f i e l d  of view was de te  ed from a trade-off between 

des i red  s p e c t r a l  and s p a t i a l  r e so lu t ion  and a v a i l a b l e  energy, 

For emission measurements, t h e  greybody s h u t t e r  was closed and rad ia t ion  from 

t h e  mixing r e g i ~ n  was o p t i c a l l y  chopped a t  t h e  manochshunaitor e x i t  s l i t ,  ( T h i s  

chopper w a s  not  used during absorption measuraen t s ,  ) 







The Perun-%er M d e %  9 8 4  monocklrmtm was equipped w i t h  a 248-groves-pm- 

~ % b e L e r  gra"tw b h z e d  at 3,75 d c r o n s  a d  used h J i r s t  o d s r ,  msrlapping 

orders were e na%ed by a ge im f i l t e r ,  h mcooEed PM de tec to r  w a s  

used. The AC output frm t h e  de tec to r  was a p l i f i d ,  synchronously r e c t i f i e d ,  

m d  displayed on a s t r i p  char t  recorder. 

An add i t iona l  f l a t  mi r ro r  r e lay  system was assembled s o  t h a t  t h e  spectroradiorn- 

e t e r  could view t h e  mixing region outs ide  t h e  combustor from above, r a t h e r  than 

horizontal ly.  This system was used t o  a s s i s t  in checking t h e  two-dimensionality 

of t h e  flow f i e l d .  

PHOTOGRAPHIC WSU TS 

A number of photographic measurements were u t i l i z e d  t o  provide v i s u a l  informa- 

t i o n  supplementary t o  t h e  o p t i c a l  da ta  col lec t ion.  These measurements included 

schl ieren ,  u l t r a -v io le t ,  in f ra red ,  color ,  and photopyrametry photography. A 

b r i e f  discussion of these  techniques follows. 

Schlieren photography w a s  used t o  determine t h e  boundaries of t h e  mixing region. 

This technique p rodded  a cross  reference with t h e  d a t a  gathered with t h e  Bone 

radiometer and furnished a v i s a 1  p ic tu re  of t h e  phenomena of i n t e r e s t ,  Slimple, 

e f f i c i e n t  operation was achieved through t h e  use  of a specially-designed 

sehl ieren  %ens a t t a e h e n t  f o r  a l 6 - d I m e t e r  Fast- eaanera and a por table  

p r a b s l i s :  d r r o r .  high i n t e n s i t y  -pulsed l i g h t  source w a s  p r o ~ d e d  by an 



, Ine,, Mdel 501 higkl-speed stsobosesps, The t e s t  set-up i s  shown schm- 

a t i ea l ly  i n  Fig, 3 0 ,  For these experiments t he  h i f e  edge was or i en ted  

hor izonta l ly  t o  accentuate v e r t i c a l  densi ty  gradients ,  A de ta i l ed  d i scuss ion  

of t h e  theory of operat ion of a schl ieren  system can be found i n  Refs. 5 and 7, 

Motion Picture Phot 

The photographic coverage incorporated an a r r a y  of t h r e e  cameras t o  record 

rad ia t ion  frm t h e  following s p e c t r a l  regions: 

1. 2850 - 3150 A - corresponding t o  t h e  (0,0) OH band, t h e  region where OH 

rad ia tes  most in tense ly ;  

2, in f ra red  from 7000-85OOA - corresponding t o  weak water emission bands which 

have been recorded i n  previous work a t  Rocketdyne; 

3 .  v i s i b l e  f r m  3500-6300 A - includes some of t h e  blue continuum and impuri- 

t i e s  which may be present ,  

The b a s i s  f o r  s e l e c t i o n  of these  p a r t i c u l a r  s p e c t r a l  regions f o r  photographic 

coverage evolved fram t h e  experience gained under N&7-521. 

Table 2 presents  t h e  s p e c t r a l  regions recorded, t h e  poss ib le  emit ter  species ,  

and types of lens ,  f i l t e r s ,  and f i lms u t i l i z e d ,  The f i l m  records were e v a l u l e d  

%or t h e i r  infolzmation content and only those t h a t  yielded specif ical lg.  u s e f u l  

i n f s m t i o n  are discussed i n  Appendix 4, 
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image. The f i l m  response was determined by p l o t t i n g  t h e  f i b  dens i ty  of each 

zone as a f u n c t i o n  of t h e  l s g a r i t h  of radimce, W v a l u e  0% radimee or its 

equivalent brightness t m p e r a t u r e  e m  then be assigned Lo each isodensity 

contour i n  the  flow f i e l d .  

The OH br ightness  temperature a t  a  given point  i n  t h e  flow f i e l d  i s  a function 

of both QH concentrat ion and t h e  e l ec t ron ic  exc i t a t ion  temperature, which may 

be equal t o  o r  g r e a t e r  than t h e  gas t r a n s l a t i o n a l  temperature, Complete i n t e r -  

p re ta t ion  of t h e  photopyrograms requi res  c o r r e l a t i o n  with u l t r a v i o l e t  spectro- 

scopic d a t a ,  

OTHER I& STRUmTATION 

Manometer Bank 

A 50-tube manmeter bank f o r  mapping t h e  tes t -sec t ion  s t a t i c  pressure was pro- 

cured and i n s t a l l e d  adjacent  t o  t h e  t e s t  p i t  (Fig. 32). A t o t a l  of 30 s t a t i c  

pressure t a p s  were l c c a t e d  on t h e  four  tes t -sec t ion  walls. The manometer bank 

was al.so used t c  monitor t h e  pressure i n  t h e  a i r  hea te r  t r a n s f e r  dueling. The 

physica l  locat ion  of t h e  s t a t i c  pressure t a p s  i s  given i n  Table 3. b n a m e t e r  

bank data  i s  presented i n  Appendix 1. 

A s e r i e s  of d i f f i c u l t i e s  precluded the co l l ec t ion  of da ta  f r a  s a e  of t h e  

i n s t m e n l s  p l m e d  f o r  use on t h i s  progsam, These i n s t m e n h  i m l u d e d  t h e  
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USS (larger ape r tu re  speclrmeter /spectr~graPk]9 greyrad probe, and h o t  w i s e  

anaormeter, Csncurrance with t h e  t e c h n i c a l  monitor always preceded e l b i n a t i o n  

of these devices  from t h e  test progrm,  



DAT4 REDUCTION 

ZONE W P O r n R Y  

Measurements 

Because of t h e  two-dimensionality of the  flow f i e l d ,  the  data reduction 

procedure was much simpler than described i n  Ref. 5. The data reduction 

procedure f o r  each l ine-of-s ight  (LOS) i s  t h a t  used f o r  a uniform gas. 

The two quan t i t i e s  , the  s p e c t r a l  radiance (NLOs), and t h e  emissivi ty 

(f LOS 
) a r e  i n d i r e c t l y  measured by t h e  spectroradiometer. NLOS i s  de te r -  

mined from point-by-point comparison of s p a t i a l  scans of flow f i e l d  emission 

t o  emission from a blackbody a s  corrected f o r  mirror  losses ,  i .e . ,  

when Df = flame emission 

DBB = blackbody emission 

and 1.42 i s  the  window l o s s  correc t ion fac to r .  

Point by point  comparison of s p a t i a l  scans of greybody rad ia t ion  a s  a t t e n -  

uated by t h e  flow f i e l d  during a t e s t  allowed preparat ion of graphs of 

f r a c t i o n a l  transmission (%OS) or  emissivi ty (E = 1 -2LOS LOS ) a s  a funct ion 

of l i n e  of s igh t ,  i .e . ,  



where D = i n t ens i t y  of at tenuated greybody radia t ion 
f -g 

D = inT,ensity of greybody radia t ion 
Q 

and 

Plots  of these  i n i t i a l  spectroradiometer measurements NLOS and a r e  

given i n  Appendix 3. 

From the  fundamental measurements described above, l i n e  - of- s i gh t  ( LOS ) 

temperature and %0 p a r t i a l  pressure can be derived. 

The l ine-of-sight  temperature i s  defined by the  r e l a t i on  

N ~ o ~  - -  
E LO, 

- N~~ (TLOS) 

where NBB ( T  ) is  the  spec t r a l  radiance of a blackbody a t  temperature 
LOS 

T~~~ 
and a t  the  wave length a t  which the  measurement was ca r r i ed  out. In 

t h i s  case the  temperature was derived by reference to a stwdard blackbodg. 

t ab l e  f o r  t he  wave length of 2.49 microns, the  wave length u t i l i z e d  i n  

these experiments. 



W 0 partial pressure (P ) i s  detemined from the simple hmbert-Beer 
2 LOS 

L a w  expression 

-a P 
rTk LOS " LOS = e 

where L i s  the  path length of t h e  flow f i e l d  along t h e  l ine -o f - s igh t  and 

K i s  t h e  value of t h e  s p e c t r a l  absorption c o e f f i c i e n t  of H20 a t  the  tempera- 

t u r e  and measurement wave length.  The absorption c o e f f i c i e n t  was obtained 

from Ref. 11 a s  a funct ion  of temperature. The wave length  u t i l i z e d  f o r  

measurement was 2.49~ . A s  discussed i n  the  following paragraphs the  

simple expression above i s  not  prec ise ly  correc t ,  pr imar i ly  due t o  pres-  

sure  broadening of the  s p e c t r a l  l i n e s .  However, the  e r r o r  i n  applying 

equation 4 can be acceptably small  depending upon t h e  wave length  s e l e c t e d  

f o r  mea,surement ( i  .e., i n  t h e  wings of the  band Kv x constant )  and the  

o v e r a l l  accuracy of t h e  da ta .  It was estimated t h a t  t h e  maximum e r r o r  i n  

applying equation 4 a t  a wave length  of 2.49 was 15$ i n  water vapor 

p a r t i a l  pressure.  P lo t s  of these  derived data,  TLOS and P H2 OLOS ore 

given i n  Appendix 3. 

A discussion of t h e  method u t i l i z e d  f o r  t h e  determination of H20 p a r t i a l  

pressure i s  presented i n  t h e  following paragraphs. 

bambert-Beer's Law, Eq. 4# can be e a s i l y  derived assuming t h a t  t h e  absorp- 

t i o n  of each molecule is independent of every o the r  molecule. However, 

s ince  (1) monochromatic l i g h t  i s  d i f f i c u l t  t o  achieve, ( 2 )  t h e  c o l l i s i o n  

sf molecuBes cause variation in the absorption, and ( 3 )  all absorption 

lines are of f i n i t e  wid"r,h, deviations in the hmbear-t-Beer b w  ocetar, 



In fact, many cases of deviations in the hmbert-Beer L a w  have been measured 

and documented in the  literature, 

A more general  form of the  absorption law i s :  

YF 
( s , e x p ( - ~ ,  p l )  f ( l v  -vil, a)dv 

where Sv = energy d i s t r i b u t i o n  i n  the  r ad ia t ion  of the  

inc ident  l i g h t  

f (  1 v-vi&,a) = the  spectrometer t ransmission function 

2 
= a S/-n kv-vm)  + 62], Lorentz c o l l i s i o n  

m 
damping function 

v = wave length  frequency 

d = damping constant  

a  = s l o t  width 

m = center  of band 

Equation ( 5 )  has been solved f o r  seve ra l  s p e c i f i c  condit ions by Elsasser  

and Plass.  When applicable,  app l i ca t ion  of one of these  models allows t h e  

t h e o r e t i c a l  determination of t h e  absorption f o r  a given path length,  and 

p a r t i a l  pressure a t  se lec ted  frequencies;  i f  t h e  transmission and path 

length are known from experimental measurements, then the  corresponding 



p a r t i a l  pressure can be detemined,  The various soLutioas of equation ( 5 )  

a l l  r e s u l t  i n  two dimension%ess parameters: one involving t h e  t o t a l  pres- 

sure of the gases and the  o the r  t h e  product of p a r t i a l  pressure of the  

absorbing gas and t h e  path length.  An example of one s e t  of so lu t ions  i s  

presented i n  Fig. 33 ( taken from Ref, 9 ) .  Note t h a t  s i g n i f i c a n t  devia t ions  

from t h e  Lambert-Beer Law occur a s  t h e  o p t i c a l  path becomes th ick .  Also 

note t h a t  t h e  t o t a l  pressure of the  gases produces a  broadening e f f e c t  on 

the  absorbing gas. 

The non-Lambert-Beer Law behavior has been measured numerous times f o r  

water vapor which i s  of i n t e r e s t  i n  t h i s  program. Some t y p i c a l  r e s u l t s  

a r e  shown i n  Fig. 34 ( taken from Ref. 10) .  Excellent agreement was found 

with the  r e s u l t s  taken a t  = 2.845 with t h e  S t a t i s t i c a l  Model described r" 
by Plass.  F e r r i s o  e t  a 1  ( ~ e f .  11) empir ica l ly  determined the  absorption 

c o e f f i c i e n t s  of H20 from 300 t o  3000°K. The assumption i n  t h e i r  work i s  

t h a t  f o r  o p t i c a l l y  t h i c k  gases the  curve growth i s  a l s o  given by t h e  

S t a t i s t i c a l  Model. They tabula ted  t h e i r  r e s u l t s  a s  a  function of wave 

length and temperature. For a  wave length  of 2 . 4 9 p t h e i r  r e s u l t s  a r e  

p l o t t e d  i n  Fig. 35. 

Comparison of these  ca lcula ted  r e s u l t s  with t h e  measurements made by s e v e r a l  

o ther  inves t iga to r s  showed good agreement. These r e s u l t s  suggest t h a t  t h e  

S t a t i s t i c a l  Model can be u t i l i z e d  t o  determine absorption c h a r a c t e r i s t i c s  

f o r  water vapor i n  t h e  presence of o the r  gases,  It i s  important t o  note 

t h a t  t h e  S t a t i s t i c a l  Model describes absorption c h a r a c t e r i s t i c s  which 

deviated from standard Lambert-Beer L a w  behavior, 



PL - CM ATM 

Figure  33, E f f e c t  of Op t i ca l  Path Length on C02 
Transmittance wi th  K 2  as Broadener 

Piguse 34, Effect of O;f?$ical Path LsnaE.: on H20 
Trmsmittance w i t h  N2 as Brsadener, 



Gas Temp - O K  

Figure 35. Absorption Coeff ic ient  as a Function 
of Temperature f o r  Water Vapor 



Maray investigators have overcome the di.ffieub%y sf integrating the absorption 

equation by slreply developi~g ">.orking calibration curves". This I s  ~zccorn- 

plisbed by measuring the absorptanee as a function of both known partiah 

pressures and path length. The working curve i s  then used d i r ec t l y  t o  

determine the  unknown p a r t i a l  pressure of the  gas mixture, however, due t o  

the  high combustion temperatures encountered on t h i s  program t h i s  could not 

be read i ly  accomplished. Therefore, Fig. 35 was u t i l i z e d  f o r  data reduction. 

Instrument Calibration 

Wave length ca l ib ra t ion  of the  spectroradiometer was conducted by recording 

atmospheric absorption spectra.  In tens i ty  ca l ib ra t ion  f o r  emission data was 

made with a blackbody radia t ion source. Corrections were applied t o  include 

the  losses  caused by the  various mirrors and windows i n  the  op t i ca l  path. 

The background spectra  f o r  absorption measurements was obtained by scanning 

the  greybody pr io r  t o  a t e s t .  Spa t ia l  ca l ib ra t ion  of t he  spectrometer f i e l d  

of view was obtained by using the  t r ave l l i ng  aperture t o  scan the  images 

of small l i g h t  sources placed a t  known posit ions with respect  t o  the  t e s t  

chamber. 

Mode of Operation 

The spectroradiometer i n i t i a l l y  was used i n  a conventional spec t ra l  scan 

mode with a f ixed l ine-of-sight  through the  mixing region. This furnished 

data f o r  t h e  se lec t ion  of the  optimum wave length, s l i t  widthh, and elec- 

tronic amplification va1v.e~ for the zone radiometry measurements, 



Oba all ~ubsequent test fi-rings, zone radiometry was conducted for emission 

and absorption measurements at a selected wave Length (2 .kg p ) across 8 

single plane (perpendicular to the flow axis) of the test chamber. Differ-  

ent  planes were measured on d i f fe ren t  t e s t s .  During the  f i r s t  half  of a 

t e s t  the  t rave l l ing  aperture scanned the  mixing region image f o r  emission 

measurements and radia t ion i n t ens i t y  was recorded a s  a function of s p a t i a l  

posit ion.  During the  second half  of the  t e s t  the  i n t e rna l  chopper was 

turned of f ,  and t he  greybody shu t te r  was opened. Chopped greybody radia-  

t i o n  at tenuated by combustion products was recorded as  a function of s p a t i a l  

position. Before and a f t e r  a t e s t  the  blackbody and the  greybody were 

s imi la r ly  scanned f o r  ca l ib ra t ion  purposes. 

PRESSURE AND TEMPERATURE INSTRUMENTATION 

The la rge  quanti ty of pressure and temperature instrumentation u t i l i z e d  t o  

monitor the  operation of the  f a c i l i t y  necessi tated computerized data reduc- 

t ion.  Appropriate data reduction equations were assembled and a computa- 

t i o n a l  sequence was formulated. These procedures and t he  computer programs 

a r e  presented i n  Appendix 7. 

PHOTOGRAPHIC MEASUREMENTS 

The la rge  volume of photographic information gathered necess i ta ted a two- 

s t e p  data reduction process. The fi lms were i n i t i a l l y  screened t o  el iminate 

obviously poor films (poor f i e l d  of view o r  redundancy). Then a compulation 

of f i lm records t h a t  were representative of the  experiments was assembled 

an6 enlargements t hz t  depicted the available infomtiora were made, The 

spat ia l  1-ocetian of the momentum b o u n a q  layer (d i sphyed  in %he schlieren 



p r i n t s )  and chemical reaction zones (d isplayed on the UV and prints) were 

recorded and ana lyzed  f o r  gross data trends, h l y s i s  of these  da ta  i s  g iven  

i n  Appendix 4, 

A s imi la r  procedure was appl ied  t o  the  photopyrograms; however, due t o  t h e  

r e l a t i v e l y  high cos t  of reducing these data  t o  i sodens i ty  maps and u l t ima te ly  

t o  r e l a t i v e  br ightness  temperature maps, g r e a t e r  care  was given t o  the  s e l e c -  

t i o n  of t h e  frames t o  be reduced. The ana lys i s  of the  ava i l ab le  da ta (d i s -  

cussed i n  d e t a i l  i n  Appendix 4) indica ted  t h a t  no s i g n i f i c a n t  changes occurred 

i n  the  plume a s  a  funct ion  of the  t e s t  va r i ab les ;  therefore,  only those frames 

t h a t  t y p i f i e d  the  high a i r  temperature and medium a i r  temperature t e s t s  were 

reduced . The data reduction procedure was as discussed previously. 



REULTS .AND DISCUSSION 

The large quant i ty  of experimental data obtained would usually be presented 

i n  t h i s  sec t ion ,  however, due t o  i t s  bulk and t o  provide a l e s s  congested 

flow of information, data from t h i s  program a r e  included i n  the  Appendices. 

Appropriate discussion,  when applicable,  i s  a l s o  presented. The Appendices 

include : 

Appendix 1 - Manometer Bank Data (Tes t  sec t ion  s t a t i c  pressure)  

Appendix 2 - Transient  Data 

Appendix 3 - Zone Radiometer Data 

Appendix 4 - Photographic Data 

Appendix 5 - Velocity P ro f i l e s  

Appendix 6 - Test F i r ing  Data 

Appendix 7 - Data Reduction Computer Programs 

A b r i e f  discussion of the  hot  f i r e  t e s t s  i s  given below, a f t e r  which a 

d iscuss ion of the  da ta  i s  presented. Data analys is ,  i n  i t s  usual  i n t e r -  

pre ta t ion ,  was not a p a r t  of t h i s  program. Correlat ion of these  t e s t  da ta  

with theory and reduction t o  turbulent  t r anspor t  proper t ies  was beyond t h e  

scope of t h e  present  e f f o r t ,  

HOT FIRE TESTS 

A t o t a l  of 36 hot  f i r e  t e s t s  were conducted on t h i s  program. The t e s t  

matrix and associa ted  pr incipal  inst en ta t ion  locat ions  a r e  given i n  

Table 4, For esmparison puqoses  t h e  ikEata were grouped according to  Lhe 

following : 



I n s t m e n t a t i o n  & 
Location Tes t  No. 

1 

Date 
7 

Ins t rumenta t ion  Checkout 
( ~a = 1000"~) 

ZR-H-8-SPECT - E 
LASS-2-SPECT- E, PYRO 
XH-H-2 

Ins t rumenta t ion  Checkout 
(Ta = 1000°F) 

ZR-H-8-SPEGT- E 
-2-SPECT-E, PYRO 

SCH-H-2 

Ins t rumenta t ion  Checkout 
( ~ a  = 1000~~) 

ZR-H- 1-SPAT-E , PYRO 
SCH-V-10, LASS- 5-SPECT-E 

Flow Charac t e r i za t ion  
(Ta = 1 0 0 0 ~ ~ )  

ZR-H-8-SPAT- EA, PYRO 
LBSS-Vibration Tes t  

Instrumentat ion Checkout 
Ta = 1 0 0 0 ~ ~ )  

ZR-H-1-SPECT-E, PYRO 
LASS - I n t e r n a l  Scan 

Flow Charac t e r i za t ion  
and 2D Determination 
(Ta = 1000°F) 

ZR-H-1-SPECT-EA 
LASS-SPECT, PYRO 
SCH-V-10 

Film Coolant and 2D Deter- 
minat ion (Ta = l 0 0 0 ~ F )  

Flow Charac t e r i za t ion  
(Ta --- a0000F) 

Flow Charac t e r i za t ion  
(Ta = 10000F) 

Flow Charac t e r i za t ion  
(Ta = 1000°F) 

Flow Charac t e r i za t ion  
(Ta = 1000" F) 

ZR-H- 5-SPAT-M, HW-6-M-B 

Film Coolant and 2D Deter- 
mination (Ta = 1 0 0 0 0 ~ )  

Flow Charac t e r i za t ion  
(Ta = 1 0 0 0 " ~ )  



Test 
No, - 

EmstrwenLatFon & 
Location 

Flow Characterization ZR- H-2- SPAT- EA 
(Ta = 1000°F) 

Flow Characterization ZR-II-10- SPAT-EA, SCH-H- 5, PYRO 
(Ta = 700°F) 

Flow Characterization ZR- H-2- SPAT-EA 
(Ta = 700'~) 

Flow Chasacterization ZR- H- 3 - SPAT- EA 
( ~ a  = 700°F) 

Flow Characterization ZR-H-8-1/2-SPAT-EA., SCH-H-2 
(Ta = 700°F) 

Flow Characterization ZR- H- 5- SPAT-EA 
(Ta = 700°F) 

Flow Characterization ZR- H- 6- SPAT-EA, PYRO 
( ~ a  = 700"~) 

Flow Characterization ZR- H- 7- SPAT- EA 
(Ta = 700'~) 

Flow Characterization ZR- H- 1- SPAT-EA, SCH- H- 10 
( ~ a  = 700°F) 

Flow Characterization ZR-H- 5- SPAT- EA 
(Ta = 700°F) 

Flow Characterization ZR- H- 8- SPAT-EA 
(Ta = 700°F') 

Scan at no %O Absorption ZR-H-8-SPAT-EA 
( ~ a  = 700°F) 

Flow Characterization ZR- H- 7- SPAT-EA 
(%a = LOOOOF) 

Flow Characterization ZR- H- 10- SPAT-EA. 
(Ta = 1000°F) 

VeLociLy Watio - Blower Wide ZW-H-8-SPAT-M3 PYRO, SCH-H-3 
Opera ( ~ a  -- 1000 '~)  



Test  
No, - Date - 

Instrumentation & 
Location - - 

6/26/70 Velocity Ratio - Blower I n l e t  ZR-H-8-SPAT-EA, PSCRO, 
Restricted ( ~ a = 1 0 0 0 ~ ~ )  SCH- H- 3 

6/26 j70 A i r  Temperature ( ~a = 1 0 0 ' ~ )  ZR-H-8- SPAT-EA, PYRO, 
SCH- H- 3 

7/1/70 A i r  Turbulence-1/2-inch Screen ZR-H-8-SPAT-EA, SCH-H-3, PYRO 
Grid ( T a  = 1000°F) 

7/1/70 Velocity Ratio-Blower In l e t  ZR-H-8- SPAT-EA, SCH-H-3, PYRO 
Restr ic ted ( ~ a = 1 0 0 0 " ~ )  

7/1/70 VelocityRatio-Blower I n l e t  ZR-H-8-SPAT-EA,SCH-H-3,PYRO 
Restricted ( ~ a = 1 0 0 0 ' ~ )  

7/1/70 Air ~urbulence-l /8-inch Screen ZR-H-8- SPAT-EA, SCH-H- 3, PYRO 
Grid (Ta=1000'~) 

7/1/70 Flow Characterization ZR- H- 9- SPAT-EA, SCH- H- 3, PYRO 
(Ta = 1000 '~ )  

7/1/70 A i r  Turbulence-1/2- inch Dem ZR-H-8- SPAT-EA, SCH-H- 3, PYBO 
(Ta = 1000°F) 



High Tenaperwtirre A i r  

Medium Temperature A i r  

Low Temperature A i r  

High Velocity Air 

Low Velocity A i r  

1/2-inch Screen 

1/8-inch Screen 

l /2-inch Dam 

Check-out Runs** 

b n s  lo*, lI*, 12, 13, 14, 16*, 17, J-8, 
30, 31, 39 

Runs 1g9 20, 219 22, 23, 24, 25, 26, 27, 
28, 29 

Run 34 

Run 32 

Runs 33, 36, 37 

Run 35 

Run 38 

Run 40 

Runs 1, 2, 4, 021, 041, 5* 

S e t t i n g  the  various u t i l i t i e s  on a given t e s t  day consisted of  a number of 

ca lcu la t ions  referenced t o  t h e  l o c a l  atmospheric pressure and empir ica l  

da ta  gathered during sub-system checkouts. A t y p i c a l  t e s t  set-up i s  sum- 

marized below. The various working equations group a l l  "fixed" va r i ab les  

and a r e  unique. 

a )  Water System: Fixed condit ions based upon check-out t e s t s .  

Se t  tank 1 pressure t o  1140 ps ig  and tank 2 

pressure t o  1110 psig.  

b )  A i r  System: Pbct = 1.026 Patme Selec t  proper blower i n l e t  

r e s t r i c t i o n  from empirical  p l o t  of PDUct-Pa versus 

percentage i n l e t  r e s t r i c t i o n .  

*These tests also incl~ded film coolant and- 2-D studies,  
++++The data were pun at conditions similar to high temperature air t e s t s ,  



c )  F i l m  Coolants : The low pressure f i lm coolant upstream duct pres- 

sure i s  se lected from a generated p lo t  of P 
Duct 

versus T with PSt, 8 s  8 parameter, The high a tm 

pressure f i lm coolant upstream duct pressure is 

determined from Pkct = 1.87 Patm. 

d) Propellant Flows : PC = 29.35 Patm. Assuming an Ye* = 96.6, 

W 
LOX 

= .409 Patm and PTa* i s  derived from an 

empirical p lo t  of PTank versus wLox. 

Hydrogen flowrate = .0818 Patm and PTa* is  

derived from an empirical curve of PTank versus 

w ~ %  
a s  a function of T 

G%' 

After pre-chi;-ling the  i n j ec to r  with LN2, the  various u t i l i t i e s  a r e  loaded 

t o  t h e i r  respective pre- tes t  values. The oxidizer l i n e s  a r e  ch i l l ed  with 

LOX and the  countdown i s  i n i t i a t ed .  A t yp i ca l  sequence of events i s  pre- 

sented i n  Table 5. The calculated t e s t  f i r i n g  data f o r  t h e  36 conducted 

experiments i s  given i n  Appendix 6. A s m a r y  of t he  averaged t e s t  f i r i n g  

data f o r  the  pr incipal  parameters conforming t o  the  aforementioned experi- 

ment groupings i s  given i n  Table 6. These data a l so  include calcula t ion of 

the  variance and standard deviation when more than one run was made t o  

characterize a given condition. 

I n  general, t e s t i ng  went smoothly and t rans ien t  behavior was not a problem 

(see  Appendix 2 ) ,  With the  exception of Run l 5  where ign i t ion  did not 

occur and Run 1'7 where the  LOX regulator d id  not maintain a constant LOX 

tank presstare, ell sub-systems perfomed n o m l l y ,  The a.4.r system and the 



start,#1 5 0  On, #2 H20 O n  

C a m e r a  ON 

LOX P o w e r  ON 

LOX OPEN 

LOX Full OPEN 

TEB ON 

GH2 Power ON 

(3% OPEN 

GH2 Full OPEN 

TEB O F F  

GH2 Power O F F  

LOX P o w e r  O F F  

LOX O F F  

LOX Full O F F  

GH2 O F F  

G% Full O F F  

C a m e r a  O F F  

#1 k$O, #2 H20 O F F  

Sequence O F F  

Duration -. G% F u l l  OPEN t o  LOX O F F  



amm 6 

AWMGED DATA FOR TEE VmIOUS EXPmmmS 

Parameter 

A i r  System 

Flowrate, lb/sec 
I n l e t  Pressure, ps ig  
I n l e t  Temp, O F  

I n l e t  Density, l b / f t 3  
I n l e t  Velocity, f t / s ec  
Mach. No. 

I n l e t  Pressure, ps ig  
I n l e t  Temperature, " 5  I n l e t  Density, l b / f t  
I n l e t  Velocity, f t / s ec  
Mach, NO. 

sec 
I n l e t   re ssure, ps ig  
I n l e t  Temp. OF 
I n l e t  B n s i t y ,  l b / f t 3  
I n l e t  Velocity, f t / s ec  

Engine 
LOX Flowrate, lb/sec 
Inject ion ~ e h ~ .  ,OF 
GH2 Flowrate, lb/sec 
Inject ion Temp., OF 
Chamber Pressure, ps ig  
Mixture Ratio 
C* E f f i c i e n ~ y , ~  ., 
ALmospberic Press, ,psis 

a 
0 

sr-4 

-c, 
6 

e, N 
k .rl 
3 k 
Pa, 
cd '4 
k o 
cU ld %I 
R ,  
2 a t z ' l  

2.33 
0.0005 
829 
0,0292 
563 
0.319 

1.10 
0.09 
10 
0.0777 
480 
0.444 

4.51 
1.50 
- 61 
0.1007 
997 

5.98 
-289 
1.14 
76 
395 
5.23 
95.1 
130 91 



GN2 film coolant systems deviated s l igh t ly  from the theoret ical ly  derived 

operating or  pre-set conditions. These deviations were caused by the 

flows adjusting t o  the actual  conditions within the mixing chamber upon 

the onset of supersonic flow. The ejector  character is t ics  of t h i s  stream 

cause a moderate increase, over the design value, of the GN2 f i l m  coolants 

and a i r  streams. This behavior was noted during the checkout f i r ings,  but, 

since the increases noted were only approximately 10% and did not s igni-  

f icant ly a l t e r  the flow f i e l d  under investigation, modification t o  these 

sub-systems were deemed unnecessary. 

Examination of Table 6 together with the individual resu l t s  given i n  

Appendix 6 indicate tha t  the experiments were quite reproducible, there- 

fore, s ide by s ide comparisons can be made. The groupings of the experi- 

ments given a t  the beginning of t h i s  section include both characteriza- 

t i on  experiments, high temperature and medium temperature a i r  t e s t s ,  and 

diagnostic information, i.e., 2-Dimensionality, f i lm coolant effects ,  low 

temperature a i r ,  a i r  velocity, and a i r  turbulence level.  A discussion of 

t h i s  information w i l l  be given i n  the following paragraphs. 

Among the checkout runs were some t o  ascer tain i f  s tab le  combustion was 

attained. 

The basic combustor u t i l i zed  as the generator f o r  the supersonic fuel-rich 

combustion products did not have a his tory of any detectable in s t ab i l i t i e s ;  

however, the changes made t o  that engine raised the poss ib i l i ty  tha t  ins ta -  

b i l i t i e s  might have been present i n  the configuration ut i l ized.  The i n i t i a l  



neasurement attempt u t i l i z e d  a s t r eak  camera focused a t  the  e x i t  plane of 

the  combustor, Due t o  the  r e l a t i v e l y  l o w  i n t e n s i t y  l e v e l  i n  t h e  plume, 

exposures could not be recorded a t  the framing r a t e s  required,  The next 

attempt u t i l i z e d  an AC radiometer a s  the  measurement device. Measurements 

were made on th ree  t e s t  f i r i n g s  and the  data  were reduced. No ind ica t ion  

of any mode of i n s t a b i l i t y  was evident,  only noise which i s  a character-  

i s t i c  of t y p i c a l  rocket  engine behavior. 

DATA COMPARISONS 

Data Cross Plo ts  

A major port ion of t h e  zone radiometer da ta  i s  presented i n  Figs.  36 t o  

39. They include temperature and KO p a r t i a l  pressure maps f o r  the  two 

with charac ter ized  cases of high temperature (829 F) and medium tempera- 

t u r e  (612 F) a i r .  The reference case f o r  a l l  da ta  comparisons is  the  

829 ? a i r  t e s t s .  A l l  d iagnost ic  information was gathered u t i l i z i n g  t h i s  

nominal a i r  stream temperature, 

The boundaries of  t h e  apparatus and the t h e o r e t i c a l  mixing axis a r e  super- 

imposed on these  f igures .  The a c t u a l  data points  f o r  t h e  various zone 

radiometer pos i t ions  a r e  connected by s o l i d  l i n e s .  Attempts t o  smooth 

these  data a r e  superimposed with coded l i n e s  representing a p a r t i c u l a r  

isotherm o r  i sobar ,  The code f o r  the  smoothing curves i s  referenced t o  

t h e  code f o r  the  da ta  points .  An i d e n t i f i c a t i o n  key i s  given i n  t h e  

f igures  , 
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X, Axial Distance in Inches 
Figure 36. Temperature Yap-829OF Air 









Comparison of the smoothed &ta curves (idealized data) Lo the actual data 

~ U Y V ~ S  as " e h e  mixing layer penetrates the air stream indicates non-monotonic_ 

behavior, At the cnset of mixing, variable mixing rates are observed and 

no s im i l a r i t y  between ac tua l  and ideal ized behavior i s  apparent, However, 

s im i l a r i t y  i s  obtained f a r t he r  downstream. Abramovitch, Ref. E, gives 

some j u s t i f i c a t i on  f o r  t h i s  behavior. H i s  experiments indicate  t h a t  a s  

the veloci ty  r a t i o  goes t o  i n f i n i t y  the  maintenance of constant pressure 

mixing can only be accomplished i f  a vortex ex i s t s  near the  entrance t o  the  

mixing chamber. This hypothesized vortex appears t o  be present i n  t h i s  

experiment, see  in f ra red  photograph, Fig. 4-13. Therefore, the  "washing- 

out" of t he  data i n  the  near f i e l d  appears due t o  t h i s  vortex. 

The vortex a f f e c t s  the  temperature data t o  the  g rea tes t  extent .  This 

indicates  t h a t  it i s  r e l a t i ve ly  weak and only rec i rcu la tes  a small quant i ty  

of combustion products from the  very edge of the  mixing region; i f  it were 

strong t he  a c t u a l  temperature data would not converge t o  the  smoothed data  

near the  mixing chamber ex i t .  In  addit ion,  it would have a much g r ea t e r  

e f f e c t  on the concentration data. It should be noted t h a t  every individual  

l i t t l e  jog i n  the  data  def ies  explanation. The data presented represent 

only one run a t  each location;  therefore,  a host  of reasons could be brought 

t o  bear. 

Data r e l i a b i l i t y  w a s  checked by two s e t s  of runs made a t  i den t i c a l  condi- 

t ions  (Runs 021 and 10 f o r  829 4' a i r  and Runs 23 and 27 f o r  612 P a i r )  and 

are included in Figs, 36 and 37, Agreement is reasonable; ho%rever, -it is 

no% within the precision that would yield great confidence in the data 



obtained. However, this does not compromise the h t a  obtained, i$ does 

ind ica te  that a much Larger quant i ty  of data i s  necessary before concrete 

arguments can be presented i n  support o r  disagreement with ava i l ab le  

theor ie s .  Although an Edisonian approach would have been des i rab le  from 

a s t e a t i s t i c a l  s tandpoint ,  i . e . ,  3 t o  4 t e s t s  a t  each condit ion,  the  objec- 

t i v e s  and the  ava i l ab le  funding precluded t h i s ,  

The measured temperatures and $0 p a r t i a l  pressures were compared t o  theo- 

r e t i c a l  values. The r e s u l t s  of t h i s  ca lcula t ion  which u t i l i z e d  mixture 

r a t i o  a s  a parameter is  presented i n  Fig. 40. Comparison of t h e  zone 

radiometer measurement maximums taken i n  the  unmixed core  of MR 5.0 a t  the  

i n i t i a t i o n  of mixing t o  these  data  show f a i r l y  good agreement (+15$). The - 
measured maximixu %O p a r t i a l  pressure was 0.5 atmospheres and t h e  t h e o r e t i -  

c a l  value was 0.61 atmospheres while t h e  recovery temperature maximum 

was 2500°K and the  t h e o r e t i c a l  value was 2130°K. 

Two-Dimensionality and Film Coolant Ekperiments -- 

A s e r i e s  of runs, 5, 10, 11, and 16 were conducted t o  determine i f  t h e  flow 

was indeed two-dimensional and what e f f e c t  the  f i lm coolants  had on t h e  

mixing process. Both zone radiometric  and photographic da ta  were gathered. 

Direct  co lo r  photographs, Figs. 41 ( a  s i d e  view) and 42 ( a  r e a r  view) i n d i -  

cated t h a t  the  flow was indeed two-dimensional. Addit ional  da ta ,  t o  reaf f i rm 

t h i s  f a c t ,  were gathered with sch l i e ren  photography and zone radiometry 

measurements viewing the  t e s t  sec t ion  from the  top, aft of  the  e x i t ,  The 





Figure 41. Side View of Test Sect ion 

Fimre 42, A 6 t  &d V i w  of Teat Section 



Schbieren photographs are shown in Figs, 4-1 and 4-2, Figure 4-2 was 

"caken in the middle of the stream and indicates a uniformly mixed highly 

turbulent rlow field-, P i s r e  4-2 i s  a similar view; however, the Schlieren 

apparatus was relocated t o  have the  mixing between the  ambient environment 

and t h e  exhaust stream i n  i t s  f i e l d  of view. Again, a uniformly mixed 

highly turbulent  flow f i e l d  was evident; however, it i s  of pa r t i cu l a r  

i n t e r e s t  t o  note t h a t  a d i s t i nc t  boundary between the  f i l m  coolant stream 

and the  exhaust products stream i s  not evident. This indicates  t h a t  the  

f i l m  coolant stream has mixed i n to  the  supersonic stream. Therefore, zone 

radiometry measurements should indicate  a reduction i n  temperature a t  t he  

boundaries of t he  flow. This prediction was confirmed i n  Fig. 3-7. This 

f igure  shows a p lo t  of the  flame radiance a s  a function of posit ion.  If 

the  emissivity was constant, t h i s  p lo t  would be d i r ec t l y  re la ted  t o  tempera- 

ture*; however, the  f igures does indicate  t h a t  nitrogen d i lu t ion  takes 

place along a given horizontal  l i n e  of s ight .  In  summary, experimental 

evidence indicates  t h a t  the  flow i s  two-dimensional with some nitrogen 

d i l u t i on  near t h e  v e r t i c a l  walls. A calcula t ion was made t o  determine t he  

maximum temperature drop i n  the  combustion products and a i r  stream a t  t he  

e x i t  of the  mixing chamber assuming t h a t  a11 of the  f i l m  coolant was com- 

p l e t e ly  mixed with t he  streams of i n t e r e s t .  It was determined t h a t  a maxi- 

mum of a 400 F drop could occur i n  the  combustion products stream and 

approximately a 200 F drop i n  the  hot  a i r  stream. It should be noted t h a t  

these calculated temperature drops a r e  a maximum value. 

*Due to the grea t  difficulty and cost  of locating the greyboay for the 
&"c taleen from the top, only emission measurements were made and, there- 
fore, actual temperatures cannot be calculated, 



No other  de le ter ious  e f f e c t s  were noted t h a t  could be a t t r i b u t a b l e  t o  the  

f i lm coolants ,  During two experiments the  film coolants  were turned o f f  

f o r  approximately 2 seconds. Visual observation confirmed by the  photo- 

graphic coverage ind ica ted  t h a t  the  plume adjus ted  i t s  pos i t ion  t o  f i l l  

t he  voids i n  the  mixing chamber caused by t h e  lack of f i lm coolants;  

however, no change i n  the  loca t ion  of the  mixing l i n e  was apparent.  

Temperature Effects  

The e f f e c t  of a i r  temperature on t h e  mixing i s  ind ica ted  i n  Figs. 36 t o  

39 and Fig. 43. Figure 43 i s  a representa t ion  of t h e  d iagnost ic  (screening)  

experiments taken a t  pos i t ion  number 8. Only the  a i r  temperature da ta  

( ~ u n  34) from t h a t  f igure  a r e  u t i l i z e d  i n  t h i s  discussion.  Data comparisons 

f o r  i d e n t i c a l  run condit ions except f o r  a va r i ab le  a i r  temperature indica ted  

t h a t  thermal penet ra t ion  increases  and concentration (%o p a r t i a l  pressure)  

penet ra t ion  decreases with decreasing a i r  temperature. The behavior ob- 

served f o r  the  indica ted  t r end  of the  thermal penet ra t ion  o r  mixing i s  

contrary t o  theory. 

It has been es tabl i shed by F e r r i , , e t  a l ,  Ref. 13, t h a t  mixing i s  propor- 

t i o n a l  t o  A U. The values of P a f o r  the  a i r  stream were 16.5, 17.0, and 5 
19.0 f o r  the  respective a i r  temperatures of 829, 612, and 278 F. The Yu. 
of t h e  combustion products stream was constant a t  a value of approximately 

55.6. Therefore, on t h i s  bas i s ,  t h e  charge i n  mixing should be small 

(about lo'$), but ,  a s l i g h t  t r end  of decreased thermal mixing with decreas- 

ing a i r  temperature should have been evident .  
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The contrary t r e n d  inacated by the temperature data possibly suggests that 

themal  mixing is controlled by a different mechanism than momentum exchange, 

i , e , ,  F e r r i ' s  sorrela l lon,  It shou.ld be noted t ha t  i t  i s  not  being suggested 

t ha t  momentum exchange has no e f f ec t  upon thermal mixing, but ra ther ,  momentum 

exchange and an addi t ional  mechanisms influence thermal mixing. I f  one postu- 

l a t e s  cor re la t ion  of the  basis  of yCpT, the  enthalpy of the  flows, it follows 

t h a t  t he  g rea te r  the difference i n  enthalpy between the  two flows, t he  g rea te r  

the  mixing. This corre la tes ,  both quant i ta t ively  and qua l i t a t ive ly ,  t he  

thermal mixing described above. 

Another possible reason fo r  t h i s  behavior may be a r e su l t  of t he  apparent 

vortex observed near the  onset of mixing. This vortex was described as  

r e l a t i ve ly  weak and not in te r fe r ing  with the  v i s i b l e  mixing l i ne ;  however, 

according t o  Ref. 12, it does have su f f i c i en t  strength t o  a l t e r  t he  stream 

l i ne s .  Therefore, the low pressure region caused by t he  vortex causes the  

flow t o  expand ever increasingly a s  the  temperature i s  lowered, thereby 

indicat ing an increase i n  thermal mixing a s  temperature i s  lowered. Addi- 

t iona l ly ,  t h i s  e f f ec t  does not s ign i f ican t ly  a f f e c t  the  concentration 

p ro f i l e s  because the  vortex rec i rcu la tes  a i r  which i s  a t  too low a tempera- 

t u r e  t o  induce s ign i f ican t  chemical reaction.  

Velocity Effects 

The diagnostic data discussed i n  the  following two sections were a l l  taken 

a t  one l i n e  of s igh t  and consisted of one t e s t  only. These t e s t s  were only 

screening i n  nature,  The e f f ec t  of veloci ty  i s  represented i n  Fig, 43, The 



ve loc i ty  f o r  the  hlgh ve loc i ty  case was not appreciably g rea te r  than t h a t  

f o r  the  characterizat iom experiments f o r  829 F a i r ;  therefore ,  comparison 

w i l l  only be made between the  two t e s t s  indica ted  on the  f igure .  The t rends  

indica ted  show thermal mixing decreases s l i g h t l y  a s  the  a i r  v e l o c i t y  de- 

creases and t h e  concentrat ion p r o f i l e s  make a g r e a t e r  penet ra t ion  i n t o  t h e  

a i r  stream a s  the  ve loc i ty  decreases. This l a t t e r  r e s u l t  i s  cons i s t en t  

with the  arguments presented above; however, the  thermal mixing again is 

contrary  t o  a n t i c i p a t e d  behavior. Rat ional iza t ion  of t h i s  apparent incon- 

s i s t ency  would requi re  add i t iona l  experimentation. 

Turbulence Effec ts  

Al te ra t ion  of t h e  turbulence l e v e l  of the  a i r  stream was accomplished by 

the  i n s e r t i o n  of screens (1/2-inch and 1/8-inch mesh) and a 1/2-inch dam. 

With reference t o  Fig. 43, t h e  thermal mixing decreased a s  t h e  screen mesh 

s i z e  decreased and approached t h e  thermal mixing charac ter ized  i n  Fig. 36. 

The decrease i n  mixing a s  one goes t o  a  f i n e r  mesh s i z e  indicates t h a t  

gross increases  i n  turbulence s c a l e  w i l l  increase  mixing while decreasing 

t h e  s c a l e  tends t o  laminarize t h e  flow and c rea te  a  s i t u a t i o n  i d e n t i c a l  t o  

t h a t  which ex i s t ed  without t h e  presence of induced turbulence. Thermal 

da ta  gathered f o r  the  1/2-inch dam were p r a c t i c a l l y  coincident with t h e  

2.12-inch mesh screen. A l l  of these  devices indica ted  t h a t  thermal mixing 

was enhanced i f  the  physical  charac ter  of t h e  flow was s i g n i f i c a n t l y  a l t e r e d ;  

however, t h i s  w a s  not the  case f o r  the  concentration p r o f i l e s .  A l l  of  them 

were s i m i l a r  and portrayed a decrease i n  mixing (when compared t o  Fig. 37) 

with a u p e n t a t i o n  of the  i n l e t  c h a r a c t e r i s t i c s ,  It i s  well  known fram the 



l i t e r a t u r e ,  Ref, 14, t h a t  a l t e r a t i o n s  of the  inlet condi t ions  delay t h e  

i n t ima te  contac t  of t h e  streams t o  be mixed and cause a displacement of  

mixing by the  Length of the p o t e n t i a l  core of any deadwater region that 

r e t a r d s  stream con tac t ,  i . e . ,  r e t a r d s  mixing. However, t h i s  deadwater 

region is  i n  i t s e l f  a  vo r t ex  and may g ive  r i s e  t o  a d d i t i o n a l  v o r t i c e s  i n  

t h e  s t ream of i n s u f f i c i e n t  thermal  content  t o  cause a d d i t i o n a l  chemical 

reac t ion ,but  having s u f f i c i e n t  hea t  t o  warm t h e  flow. This suppos i t ion  

permits  explana t ion  of  t h e  con t r a ry  t r ends  observed. 



The mixing flow f i e l d  of a supersonic fuel - r ich hydrogen/oxygen two-dimensional 

j e t  and a subsonic heated air stream was mapped i n  temperature and H20 concen- 

t ra t ion .  Two reference cases of 829 and 612 degree F a i r  streams i n  addition t o  

several  s ingle  runs a t  varying conditions of temperature, velocity,  and temp- 

era ture  l eve l  were evaluated. In  the following paragraphs a number of conclusions 

and recommendations are  given. 

1. The concentration measurements and trends i n  t h i s  data  are consis tent  

with ex i s t ing  mixing theories. Mixing increases a s  a i r  temperature i s  

increased, air veloci ty  i s  decreased, and i n l e t  conditions are  stream- 

lined. 

2. Correlation of the temperature measurements could not be made within 

the confines of avai lable  theories. 

3. The experiments were indeed two-dimensional and the use of film coolants 

did not a l t e r  the mixing process; however, the  f i lm coolants did s l i g h t l y  

reduce the temperature of the streams of i n t e r e s t .  

4. Zone radiometry i s  a useful  too l  f o r  the measurement of flow proper t ies ,  

however, t o  e s t ab l i sh  a va l id  confidence l e v e l  f o r  zone radiometric 

measurements a s t a t i s t i c a l  data  sample (approximately 3 t o  4 measurements) 

a t  each data  locat ion should be gathered, 

5. The f low facility performed excel lent ly  and appears capable of perforxirag 

a large nunber of additional tests ,  



6, The vortex that possibly appeared in t h e  flow w a s  r e l a t i v e l y  weak 

and did not appear t o  a f f e c t  the concentration measurements, 

It i s  recommended t h a t  the apparatus be u t i l i z ed  f o r  a more comprehensive 

experimental program. This program would provide well controlled precise  

experimental data  f o r  the determination of the e f f e c t s  of temperature r a t i o ,  

turbulence l eve l ,  ve loci ty  r a t i o ,  and changes i n  ambient conditions upon the 

mixing. The character iza t ion of the  mixing region should include a mapping of 

temperature, velocity,  pressure, concentration, enthalpy, and turbulence in tensi ty .  

Recommended experiments t h a t  w i l l  help t o  gather the required da ta  a r e  a s  follows: 

1. A complete s e t  of diagnostic experiments t o  accurately determine the 

two dimensionality of the flow f i e l d  and the  e f f e c t  of fihm cooling 

on the  mixing region (approximately 20 t e s t s ) .  

2. A mixing study t h a t  includes a more precise  mapping of the  mixing 

region f o r  the bas ic  case, then a determination of the  e f f e c t s  upon 

the  mixing layer  produced by changes i n  the a i r  turbulence l eve l ,  

a i r  temperature, i n l e t  geometry, and ve loc i ty  r a t i o  (approximately 

120 t e s t s ) .  

3. Tests with a C02 seeded a i r  stream, The use of t h i s  t r a c e r  enables 

f u r t he r  elucidation of the penetrat ion of the a i r  stream in to  the  

combustion products stream (approximately l b  t e s t s  ). 

4. %st ing,  vhich would require addi t ional  hardware, over a more complete 

range of experimental variables,  n e s e  would include d i f f e r en t  mixture 

ratios, a wide r w e  of com43us"i;isn product-air stream ve lac i ty  ratios, 

and e Jevated t e s t  sect ion pressures (approximately $50 t e s t s  ). 
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APPmIIIX 1 

W Q E T E P I  BANK DATA 

A summary of manometer bank data  i s  presented i n  Table 1-1. The locat ion  of t h e  

s t a t i c  pressure por t s  i s  given i n  Fig. 1-1 ( ~ e f ,  Fig. 3-57 f o r  o r i en ta t ion  t o  

t h e  t e s t  apparatus) .  The d isplay  of s t a t i c  pressure da ta  f o r  t h e  individual  

runs i s  given i n  Figs,  1-2 t o  1-36. 

For comparison purposes t h e  da ta  were grouped according t o  t h e  followi.ng: 

High Temperature A i r  

Medium Temperature A i r  

Low Temperature Air 

High Velocity A i r  

Low Velocity A i r  

1/2" Screen 

1/81! Screen 

1/211 Dam 

Checkout RunsH- 

Runs lo*, 11, 12, 13, U, 16*, 17, 18, 30, 

31, 39 

Iiuns 19, 20, 21, 22, 23, 24, 25, 26, 27, 

28, 29 

Run 34 

Run 32 

Rus-ls 33, 36, 37 

Run 35 

Run 38 

Run 40 

Runs 1, 2, 4, 021, 041, 5 

*These t e s t s  a l s o  included film coolant a d  2-D s tudies ,  

*mese data  were run at condit ions s ~ l a r  t o  high t a p e r a l u r e  a i r  t e s t s ,  



TABLE 1- 1 

- ? A l l  pressures a r e  i n  psig 
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F i p r e  1-27 SdaLie Pressure Dada - Run 71 
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Figure 1-28 S t a t i c  Pressure Data -- Run 32 
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F i p r e  1-70 S t a t i c  Wessure Dada-Run 34 
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Figure 1-31 S t a t i c  Pressure Data - Rnn 75 
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Figure  1-34 SLaGie Psessure DaLa - Run 78 
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Tabbe 1-2 p r e s a k s  t h e  grouped data for t h e  afsrmentisned t e s t s ;  however, daka 

f o r  t h e  checkout m s  mci t e a t s  lO-l&. are not  included i n  t h i s  data s 

The checkou& m w  s%a%ic pressure data were quss%ionab%e due to frequent s p i l l -  

over and bubble formation i n  a l a r g e  number of t h e  naanometer bank tubes. Data 

f o r  runs 10 t o  14 only included i n f o  Lion p r i o r  t o  engine s t a r t  due t o  a 

malfunction of t h e  data  acqu i s i t ion  system, These d a t a  i n  general  show t h a t  

i n i t i a l l y  the re  i s  an approximate .5 p s i  pos i t ive  pressure a t  t h e  t o p  of t h e  

mixing chamber and an approximately .02 p s i  negative pressure a t  t h e  bottom of 

t h e  mixing chamber. The averaged d a t a  a r e  displayed i n  Figs. 1-37 t o  1-39. 

h a l y s i s  of t h e  d a t a  presented i n  Table 1-2 i s  summarized below: 

(1)  Pressure port  numbers 1, 2, 3, 6, 7, 13, 20 were s o  located such t h a t  

they r e f l e c t e d  t h e  s t a t i c  pressure of t h e  high pressure f i lm coolant 

streams and d id  not i n d i c a t e  t h e  s t a t i c  pressure  of t h e  supersonic 

flow. 

(2) Pressure port  numbers 5, 10, 15, 19, 24, 25, 26, 29, 30 were located  

s l i g h t l y  upstream of t h e  mixing chamber and r e f l e c t e d  t h e  en te r ing  

condit ions of t h e  film coolants  and a i r  stream. It should be noted 

t h a t  t h e s e  por t s  were i n  t h e  region of separated flow a s  shown i n  t h e  

ve loc i ty  survey, Appendix 5. 

(3)  Pressure por t s  4, 8, 9, 11, l2, l.4, 16, 18, 19, 21, 22, 23, 27, and 

28 yie lded a reading t h a t  could p e d t  i n t e r p r e t a t i o n s  of t h e  data  a s  

a function of t e s t  p a r m e t e r s ;  hwever ,  m s t a t i c  pressure var i -  

a t ions  were o f  the order s f  Q,3 p s i ,  o r  less, which put  the  data 
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w i t h i n  the range sf experimental error,  merefore, no in te rprea t i sn  

of t h e  s t a t i c  data gathered w i l l  be given,  The small va r i a t ions  

measured for  t h e  d i f f e r e n t  t e s t  cases d id ,  however, i n d i c a t e  t h a t  Lhe 

range of parameters i nves t iga t ed  d i d  n o t  s i g n i f i c a n t l y  a l t e r  t h e  b a s i c  

mixing process.  



A P P r n Z  2 - 
T W S I E N T  DATA 

A t  t h e  beginning of t e s t i n g  a de ta i l ed  study of t h e  system t r a n s i e n t  

behavior was made. This included examination of a l l  system pressures and 

temperatures. I n  general,  during engine operat ion every parameter a f t e r  

t h e  f i r s t  second of engine operat ion indica ted  acceptable s t eady-s ta t e  

operation. Coolant water temperatures were well  below t h e  c r i t i c a l  b o i l i n g  

point .  A l l  pressures and temperatures were constant  with t h e  exception 

of the  heater  bed temperatures and a i r  i n l e t  temperatures. Since a i r  

i n l e t  temperature was a p r i n c i p a l  parameter, i t s  t r a n s i e n t  behavior f o r  

Runs 10 t o  40 i s  presented i n  Figs. 2-1 t o  2-6. S l i g h t  va r i a t ions  i n  

chamber pressure (f 1.5 percent)  were a l s o  noted. Due t o  i t s  being a 

c r i t i c a l  t e s t  parameter, it too i s  presented f o r  Runs 10 t o  40, Fig. 2-7 

t o  2-13. 

Some flow adjustments i n  the  non-choked f i lm coolant  and a i r  suppl ies  were 

evidenced a t  the  beginning of each run. However, these  adjustments occurred 

during t h e  i n i t i a l  s t a r t - u p  period. 











Time - Seconds 
Figure 2-5. Air Inlet Temperature as a Function of Time - Run 34 



















Graphical represen-tion o f  t h e  zone radiawnet~ data are presented 5n Pigs, 4-1 

t o  3-55. For c h r i t y ,  the dcaLa are presenLed in two grouping@. SPlose d a b  

t h a t  a re  direell$ calculsted from the spectrometer output, i.e.,  f b e  radiance, 

N, and emissivfty,& (Figs. 3-1 t o  3-29) and those data tha t  m e  derived from 

subsid5ary calculations, i.e.,  p lo ts  of apparent e temperature, T, and H 0 
2 

i a l  pressure, P (Figs. 3-30 t o  3-55). The physical location of the in~r t ru-  

mentation positions is i l l u s t r a t ed  in  Fig. 3-56 and a schematic of the test 

section denoting principal dimensions is shown i n  Pig, 3-57. The conversion 

6f Ifne-of-sight (UXS) t o  the physioal dimensions of the  apparatus is given in 

Table 3-1, It should be noted t h a t  LOS refers  t o  the ve r t i ca l  axis and the  

posit ion numbers r e fe r  t o  the longi tudiml  o r  horizontsl  axis. 
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P H O T G W H I C  DATA 

A s  mention& previousPgr a number of photographic measurements were u t i l i z e d  t o  

provide v i sua l  infosmation supplesnatal  t o  t h e  op t i ca l  data  col lect ion,  These 

measurements include schl ieren,  u l t ra-viole t ,  infrared,  color,  and photo- 

pyrometry photography. A presentation of these  data  follows. 

SCH LI PHOTOGRAPHY 

Schlieren photography was u t i l i z e d  t o  gather data on t he  gross e f f ec t s  produced 

by changes i n  t e s t  conditions upon t h e  momentum boundary layer  between t h e  sub- 

sonic and supersonic streams. The knife  edge was hor izontal  i n  order t o  

accentuate gradients i n  t h e  v e r t i c a l  d i rect ion.  Photographs representing t h e  

experiments a r e  shown i n  Figs. 4-l to 4-10, The f i e l d  of view of t h e  schl ieren 

camera was appro t e l y  3-inches by 3-inches. The data extracted fram t h e  

f i h s  together with a def in i t ion  of t h e  t e s t  conditions i s  given i n  Table 4-l. 

Figures 4-1 and k-2 represent a t o p  view of t h e  d x i n g  region a t  t h e  mid-stream 

and a t  %he edge, respectively. These views ind ica te  t ha t  t h e  sidewall  f i lm 

coolant layer  has been completeu penetrated by t h e  combustor exhaust stream, 

i,e,, t h e  2-dhensionarxty of t h e  cslnbustos elrhaust products stream has been 

a u e e n l e d  by d ~ n g  with t h e  fi lm, coolant, Also shown i n  Pig. 4-2 is t h e  ~ d n g  

between t h e  ~ A r a g  c h a b s r  exhaust with %he mb ien t  endsomen t ,  The angle i s  

t e ly  Il-degrees which i s  s M l a r  $0 t h e  m g l e s  obsemed f o r  d % i n g  

between t h e  c a b u s t o r  e*aust ps&uc%s a d  air strems, The coarse t e ~ u r e  o f  

these  p r in t s  i s  ind ica t ive  06 the turbulence scales, 
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Figure 4-7. Schl ieren  From Side  - Upstream Window - A i r  Stream - Run 34 

Exhaust Products 

&Edge of Mixing 

+ A i r  Stream 

Regj 

Flow 

Figure  66-8, SchPieren Frm Side  - UpsLrearn Window - Air Strem -- R ~ v a  33 
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Figure 4-9. Schl ieren  From Side  - Upstream Window - A i r  Stream - Run 32 
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TABm 4-1 

SCH ELEmN DATA 

Run # Test Type 

5 High Temperature Air 

11 High Temperature Air 

13 High Temperature Air 

19 Mediwn Temperature Air 

22 Medium Temperature Air 

32 High Velocity Air 

33 Low Velocity Air 

3 4 Low Temperature Air 

39 High Temperature Air 

40 1/41! Dam 

* Schematic 

1 Deg, 

--- 

Defined Lines* 

Fig. # 
4- 1 

1 Edge of Mixing Region 

2 Inner Boundary of Reaction Zone 



A l l  of &he r m a i n i n g  schlieren f i w r e s  represent  t h e  e e n g  betwee11 t h e  c m b t ~ s t o r  

e h a u s t  produces and a i r  s t r e a s ,  Figure 4-3 shows a s i d e  view of t h e  ~ e n g  

region near t h e  idea l i zed  a x i s  of flow ( l i n e  between t h e  two streams and mixing 

cen te r l ine )  a t  t h e  same plane u t i l i z e d  f o r  t h e  t o p  view measurements. Rela t ive ly  

uniform mixing was indica ted  and t h e  s c a l e  of turbulence  appeared i n  good agree- 

ment with t h a t  observed i n  t h e  t o p  views. 

Grouping a l l  of t h e  t e s t s  a s  a function of a i r  temperature ( ~ i ~ s .  4-4 t o  4-7) 

indica ted  no c l e a r  t rend f o r  t h e  angle observed f o r  t h e  mamenturn boundary 

l a y e r  ( t h e  angle  ranges being 9 t o  15  degrees). Although data  reduction i s  

r e l a t i v e l y  crude, these  da ta  i n d i c a t e  t h a t  changes i.n a i r  temperature of 

approximately 700°F have no appreciable e f f e c t  on t h e  mixing region. The 

average of t h e s e  four  measurements was 12 degrees which agrees q u i t e  w e l l  with 

t h a t  observed f o r  t h e  mixing between t h e  exhaust and t h e  environment. Of 

p a r t i c u l a r  i n t e r e s t  i s  t h e  obvious change i n  t h e  s c a l e  of turbulence between 

data  col lec ted  a f t  and through t h e  mixing chamber. The s c a l e  of turbulence i s  

much smaller o r  f i n e r  i n s i d e  t h e  chamber. 

The ve loc i ty  t e s t s  (Figs. 4-8 and 4-9) yielded d a t a  t h a t  was within t h e  range of 

t h e  a i r  temperature t e s t s ;  however, these  da ta  ind ica ted  t h a t  a i r  v e l o c i t y  i s  

a s ign i f i can t  mixing parameter; t h e  lower  t h e  a i r  ve loc i ty  t h e  more rap id  t h e  

mixing. A 240 f t / s e c  decrease i n  ve loci ty  pr0duced.a 3-degree inc rease  i n  t h e  

angle between t h e  mixing b y e s  and t h e  air stseam, 

Csmmrison of t h e  s chue ren  data f o r  t h e  112-inch d m  data (Fig,  4-10] w i t h  %he 

previously described data ind ica tes  that a t h i n  physical boundaq is a 



prs req~s is i te  for  v a l i d  d A n g  experkents,  mat n s m i l y  would be considered an 

insignificant change i n  &hicnhess 0% t h e  l i p  halved t h e  ?pdxing rate, 

No e o r s e h t i o w  of t h e  data  for  t h e  i m e r  boundary ( t h e  second defined ~ n e )  t h a t  

was indicated  on a number of t h e  sch l i e ren  f igures  was obtained, The observed 

angle ranged from 2 t o  13 degrees and t h e  d i f ference  i n  angle between t h e  two 

l i n e s  ranged f r m  1 t o  7 degrees. 

INFRARED PHOT(XXtAPHY 

Infrared photography i n  t h e  7000-8500A band was u t i l i z e d  t o  record H20 emission 

i n  t h e  mixing chamber, This coverage was u t i l i z e d  on any f i r i n g s  where o p t i c a l  

access  was avai lable .  Photographs representing t h e  experiments a r e  shown i n  

Figs. 4-11 t o  4-22. The f i e l d  of v i e w  of t h e  camera w a s  appr t e l y  12-inches 

by 12-inches, The data  ext rac ted  from these  f i lms together  with a d e f i n i t i o n  

of t h e  t e s t  condit ions i s  given i n  Table 4-2. The s o f t  t e x t u r e  of t h e  photo- 

graphs i s  an inherent  problem i n  f i e l d  type  I R  and UV photography. I n  add i t ion ,  

black and white reproduction of t h e  color  p r i n t s  promotes f u r t h e r  softening. 

The high t m p e r a t u r e  zones i n  t h e  p r i n t s  a r e  t h e  darkest  regions; however, it 

should be noted t h a t  objects  t h a t  a r e  i n  shadows a l s o  appear dark. Therefore, 

great  ca re  must be exercised s o  t h a t  incor rec t  information w i l l  not  be read 

i n t o  t h e  ana lys i s ,  

I n  general ,  t h r e e  defined l i n e s  appear on t h e  p r i n t s  a t  t h e  most upstream posi- 

t i o n ,  The lower l i n e  def ines  t h e  elhent  of d d n g  i n t o  t h e  a i r  s l s w ,  The 

second l i n e  appears t o  be t h e  upper bs i lndaq  of t h e  react ion zone and &he 
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Figure 4-11, Inf rared  P r i n t  - Upstream and Middle Windows - Run 16 

Flow 

Figure 4-12. In f ra red  P r i n t  - D o m s t r e m  Window and A f t  of Exit - R u n  17 
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F i g u r e  4-13. I n f r a r e d  P r i n t  - Mixing Chamber - Run 31 

Flow 

Figure 4-14, Inf rared  P r i n t  - Upstre- a d  Mddle  Window - Run 19 
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Figure 4-15, Infrared Print - Downstream Window and Aft of Exit - Run 20 

Flow 

Fimre L-16. Infrared P r i n t  - MddPe a d  Dmstrsa Windws - Rm 26 
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Figure  4-17. I n f r a r e d  Print - Upstream and Middle Window - Run 34 

Flow 

F ' i ~ r e  4-18, Infrared P r i n t  - Upstream and f i d d l e  Window - R u n  32 



Flow 

F i g u r e  1+-19. I n f r a r e d  P r i n t  - Upstream and Middle  Window - Run 33 

F i g w e  4-20, Infrared P r i n t  - Upstrem and Kdd le  Window - Rm 35 
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Figure 4-21. Infrared Print - Middle Window - Run 38 

- Plow 

P i p r e  4-22, Infrared P d n t  - Eliddbe Window - lPun k0 



TABU &-2 

EMFMmD PNOTSMBHIC DATA 

Run #/ Test %Jrpe Defined Lines and b e a t i o n *  
Fig. # Deg . a:.! Inch Deg . @ Inch ~ e g ,  a Inch Deg . @ Inch 

High Temperature Air 

High Temperature A i r  

Medium Temperature A i r  

Medium Temperature A i r  

Medium Temperature A i r  

High Temperature Air 

High Velocity A i r  

Low Velocity A i r  

Low Temperature A i r  

1,2" Screen 

1/81' Screen 

1/21' Dam 

----.-- 

1 Edge of Mixing Region 

2 Inner  Boundary of Reaction Zone 

3 Supersonic Plume Expansion Fan 

4 Upper Edge of Transient  Eddy 

S p a t i a l  loca t ions  a r e  referenced t o  t h e  t o p  of t h e  upstream window 
frme on t h e  downstream edge 

*-Reference d~wstsll-em window dswnslrem edge 



t h i r d  l i n e  de f ines  &he plume exp%nsion fan &natiing from the nozz le  t i p ,  I n  

some cases, Figs, 4-17 to 4-22> a fourth Line appears t h a t  h a s  a s l o p e  i n  t h e  

same d i r e c t i o n  as t h e  expnshon  fan ;  however, it i s  located  i n  t h e  m i d d l e  of 

t h e  a i r  stream and does not appear t o  be at tached t o  any physical  ob jec t ,  

I n i t i a l l y ,  no explanation could be offered  f o r  i t s  exis tence;  however, a  more 

d e t a i l e d  a n a l y s i s  of t h e  p r i n t s ,  and i n  p a r t i c u l a r  Figs. 4-13 and 4-l4, l e d  t o  

t h e  following pos tu la t ion .  An eddy e x i s t s  i n  t h e  a i r  stream causing a rec i rcu-  

laticjn pa t t e rn  t o  e x i s t ;  therefore ,  t h e  l i n e  t h a t  appears i n  t h e  a i r  stream 

ind ica tes  t h e  presence of t h e  eddy. Since t h e  eddy does not appear i n  a l l  

p r i n t s ,  it i s  f u r t h e r  postulated t h a t  it is r e l a t i v e l y  weak and very s e n s i t i v e  

t o  small changes i n  t h e  run t o  run t e s t  condit ions.  The t h e o r e t i c a l  j u s t i f i c a -  

t i o n  f o r  t h e  existence of t h i s  eddy i s  given i n  Abramovitch, Ref. 12. 

Representation of t h e  t e s t s  t h a t  were concerned with temperature e f f e c t s  i n  t h e  

mixing process a r e  given i n  Figs. 4 - 1 1 t o  4-13 f o r  high temperature a i r ,  Fig, 

4-11, t o  4-16 f o r  medium temperature a i r ,  and Fig. 4-17 f o r  low temperature a i r .  

No s t rong  e f f e c t  of a i r  temperature on t h e  mixing process was evident  as t h e  

change i n  t h e  angle  representing t h e  edge of  mixing was only 2 degrees, i .e .>  

approximately 10,  9, and 8 degrees f o r  high, medium, and low temperature a i r  

t e s t s ,  Corre la t ion  of t h e  s p a t i a l  loca t ions  was not  a s  c l e a r l y  defined a s  some 

overlapping occurred. 

The mixing r a t e  a s  a  function of ve loc i ty  (Figs ,  4-18 and 4-19) defined by t h e  

angle of t h e  m ~ n g  l i n e  d id  not a p p a r  t o  change (9-degrees f o r  both cases); 

na t ion  of t h e  s p t i a l  locatlow d i d  present evidence t h a t  &fing 



is enhanced by lowering t h e  ve loc i ty  of t h e  air strew (2-08 i n c h e s  f o r  t h e  h igh  

ve loc i ty  strem and 2,28 inches f o r  t h e  Low ve loc i ty  strem), A more d e t a i l e d  

nat ion of t h e  print. revealed t h a t  f o r  t h e  low ve loc i ty  test  t h e  pos tu l a t ed  

eddy was present which could explain why no apparent change i n  t h e  angle of t h e  

mixing l i n e  was observed. 

The in f ra red  p r i n t s  representing t h e  s tud ies  t h a t  incorporated screens i n  t h e  

air stream were inconclusive, Figs. 4-20 and 4-21. On t h e  bas i s  of t h e  angle of 

t h e  mixing l i n e  t h e  da ta  indicated  t h a t  t h e  f i n e r  t h e  turbulence t h e  b e t t e r  t h e  

mixing; however, on t h e  b a s i s  of t h e  s p a t i a l  loca t ion  of t h e  mixing l i n e  t h e  

opposite appeared t r u e ,  It should be noted t h a t  t h e  eddy discussed above was 

present  i n  both of t h e s e  p r i n t s  and may have "washed out" t h e  t r u e  ind ica t ions ,  

None of t h e  t h r e e  previously defined l i n e s  were apparent i n  t h e  t e s t  u t i l i z i n g  

a l/k-inch dam, Fig, 4-22; however, t h e  eddy was again present.  Since t h i s  

configuration promotes t h e  formation of eddies, one would expect a s t ronger  

eddy f o r  t h i s  condit ion and it appears t o  be i n  more in t imate  contact with t h e  

subject  mixing process. 

No cor re la t ion  of t h e  inner  boundary of t h e  react ion zone could LC made due t o  

t h e  wide spread i n  t h e  da ta ,  The value of t h e  angle ranged from 1 t o  8 degrees 

and t h e  w g u h r  d i f fe rence  between l i n e s  1 and 2 ranged from 2 t o  8 degrees. 

The h i &  degree sf scatter Is most probably due t o  t h e  r e h t i e e b  weack def in i -  

t i o n  of t h e  line, Good agrement  was obtained fo r  t h e  angle of U n e  3; however, 

swtiah resobution was rather poor, 



The u l t r a v i o l e t  photography i n  t h e  2850 Lo 31508 b a d  was u t i l i z e d  Lo record OW 

emission i n  t h e  mixing chamber. As with t h e  i n f r a r e d  photographic coverage, it 

was u t i l i z e d  on a l l  f i r i n g s  where o p t i c a l  access  was a v a i l a b l e ,  Two types  of 

u l t r a v i o l e t  coverage were u t i l i z e d ,  i . e . ,  16 mrn c ine  photography and 35 mm 

sequence photography (photopyrometer f u d i c i a l  photographs). Photographs 

represent ing  t h e  experiments a r e  shown i n  Figs. 4-23 t o  4-34. The f i e l d  of view 

was approfirnately 12 inches by 12 inches, The da ta  ext rac ted  from t h e s e  f i lms 

together  with a d e f i n i t i o n  of t h e  t e s t  condit ions a r e  given i n  Tables 4-3 and 

4-4. The extremely s o f t  t e x t u r e  of t h e  c i n e  reproductions,  F igs ,  4-23 and 4-24, 

i s  indegenous t o  f i e l d  type operat ion;  the re fo re ,  t h e  p r i n c i p a l  u l t r a v i o l e t  

photographic a n a l y s i s  was conducted with t h e  r e l a t i v e l y  we l l  defined photo- 

pyrometer p r in t s .  The regions of maximum emission on t h e s e  p r i n t s  i s  t h e  

l i g h t e s t  region,  

I n  general ,  t h e  u l t r a v i o l e t  photographic da ta  agrees  with t h e  observations made 

with t h e  sch l i e ren  and t h e  i n f r a r e d  photography. The e f f e c t  of temperature on 

t h e  mixing region, Figs.  4-23 t o  4-29, i s  neg l ig ib le .  The measured angles 

(approximately equal t o  10 degrees)  i n  t h e  mixing chamber a r e  e s s e n t i a l l y  t h e  

same; the re fo re ,  over t h e  a i r  temperature ranges encountered i n  t h i s  program, 

mixing i s  e s s e n t i a l l y  constant .  It should be noted t h a t  t h e  bulk of t h e  photo- 

pyrometry data  was taken a f t  of t h e  e x i t  of t h e  ~ f i n g  chmber  because i n  t h e  

major i ty  of cases t h e  zone radiometer i n t e r f e r e d  with t h e  v i m  of t h e  t e s t  

sec t ion  windows, These da ta  y i e l d  angles t h a t  a r e  grates t h a n  those  observed 



-- Flow 

Figure 4-23. Ultraviolet Print - Upstream and Middle Windaw - Run 10 

Flow 

Figpars k-24, UlLravlsle$ Pr ink  - Mddle  a d  B m a L r e a  WErrdws 
and A f t  of Wt - Rm 19 





Flow 

Figure 4-26. Photopyrmeter Print - Upstream and Middle Windows - Run 29 

Figure b-27. Photopyrmeter  P r i n t  - Mixing Chamber - Run 31 

244 

"OW 



Figure  4-28. Photapyrooeter Print - Aft of Exit - Run  39 



Flow 

F i e r e  4-29. Pho topgrme te r  P r i n t  - Aft of Exit - Run 34 



Flow 

Figure 4-30. Photopyrorneter Print - Af% of W L  - R u n  32 



igure 4-31. Photopyrmetes Print - A f t  of E x i t  - Run 33 

gr.7~: 4-32, Pha topyrms te r  Print - Aft of Exit - Run 35 
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Tasm 64-3 

UL'17aAVIOBT PWmaRAPHIC DATA 

Run No./ Test Type Defined Gnes* 
Fig. No, 1 Deg, 2 Deg, 

10/4-23 High Temperature A i r  9 4 

16 High Temperature Air 10 6 

17/4-24 High Temperature A i r  10 7 

20 Medim Temperature Air 11 6 

26 Medium Temperature Air 12 9 

* Schematic 
1 Edge of Mixing Region 

2 Inner Boundary of Reaction Zone 

3 Supersonic Plume Expansion Fan 



TABm &-k 

PWOTOPmQm%@R PHQTQGFLAPH XG DATA 

Run No./ Test Type 
Fig. No. 

Defined Lines* 
Deg, 2 Deg, 1 

23/4-25 Medium Temperature A i r  
A t  Exit 

29/4-26 Medium Temperature Air 

31/4-27 High Temperature A i r  

32/4-30 High Velocity Air 

33/4-31 Low Velocity A i r  

34/4-29 LOW Temperature A i r  

35/4-32 1/2" Screen 

3 8/4-33 1/81) Screen 

39/4-28 High Temperature A i r  

4014-34 112" Dam 

* Schematic 
I 1 Edge of Mixing Layer 

2 Inner Boundary of Reaction Zone 

3 Supersonic Plume Expansion Fan 

Measurement a t  windas 



in %he test s e c t i o n  due t o  a d d i t i o n a l  e x p n s i o n  sf t h e  flow on e ~ l i n g  t h e  

mixing chamber, Therefore,  f o r  cons is tency ,  da t a  cornprisons must  be grouped 

wi th  respec t  t o  t h e i r  gene ra l  l oca t ion .  

The u l t r a v i o l e t  measurements r e l a t i n g  t o  t h e  e f f e c t  of v e l o c i t y  upon t h e  mixing 

processes ,  F igs .  4-30 and 4-31, ag rees  w e l l  wihh t h a t  descr ibed  f o r  t h e  s c h l i e r e n  

d a t a .  Lowering t h e  a i r  v e l o c i t y  i n c r e a s e s  t h e  r a t e  of mixing. However, no 

d e f i n i t i v e  s tatement  can be made about  t e s t s  w i th  s c reens  and dams, F igs .  4-32 

t o  4-34. S ince  t h e  d a t a  being compared i s  a f t  of t h e  e x i t  of t h e  mixing reg ion  

it i s  h ighly  probable t h a t  any a f f e c t  due t o  t h e s e  devices  has  been damped ou t ,  

I n  c o n t r a s t  t o  t h e  i n f r a r e d  d a t a ,  a c o r r e l a t i o n  was obtained f o r  a correspond- 

ence between l i n e s  1 and 2. The d i f f e r e n c e  between t h e s e  two ang le s  w a s  

cons tan t  and approximately equal  t o  2 degrees.  S ince  no evidence has  been 

gathered i n d i c a t i n g  any vas t  d i f f e r e n c e s  i n  mixing r a t e s  by t h e  d i a g n o s t i c  

experiments conducted one would expect  t h a t  t h e  r e a c t i o n  zone would have a 

reproducib le  t h i ckness  as evidenced from t h i s  da ta .  The c o r r e l a t i o n  w a s  prob- 

a b l y  improved because of t h e  considerably narrower wave length  band u t i l i z e d  

i n  t h e  UV photographs. 

The angles  measured f o r  l i n e  3 a r e  approximately equal  t o  7 1  degrees f o r  a l l  

photographic d a t a  and i n v a r i e n t  as a func t ion  of  any of t h e  d i agnos t i c  pram- 

e t e r s ,  The p o s t u l a t i o n  t h a t  it r e p r e s e n t s  t h e  nozz le  l i p  expansion fan appears  

v a l i d ,  



The edge of the miwing zone was c a p r e d  t o  a ca lcu la t ion  gerfomed by a N A a  

computes m d e %  a t  condi%isns a M l a r  t o  those  tested i n  % h i s  progrm, F ig ,  4-35, 

'%he UV, I R ,  and schl ieren  data  a p p a r s  t o  represent t h e  lW°K l i n e .  

An attempt was made t o  reduce t h e  photopyrometer f u d i c i a l  photographs t o  

equivalent br ightness  temperature maps; however, flaws on t h e  f i lms undetectable 

t o  t h e  human eye precluded t h i s ,  However, r e l a t i v e  concentrations could be 

determined from t h e  photopyrograms. These a r e  presented i n  Figs. 4-36 t o  4-38. 

The r e l a t i v e  cor re la t ions  a r e  denoted 1 t o  3 ;  t h e  lowest t o  t h e  highest  concen- 

t r a t i o n s  a t  a constant s t e p  s i z e ,  See Figs,  4-25 t o  4-27, respect ively ,  f o r  

s p a t i a l  o r i en ta t ion .  

&amination of these  f igures  reveals  t h a t  t h e  react ion zone i s  not continuous, 

i . e , ,  t h e  reac t ions  t a k e  place i n  d i s c r e t e  pockets. I n  general,  a maximum 

concentration zone e x i s t s  i n  t h e  a i r  and combustion product streams, The region 

between these  two zones exhibi ts  intermediate concentration levels .  





Flow 

Note: Rela t ive  condentrat ions a r e  denoted 1 t o  3 
lowest t o  h ighes t  

Figure 4-36, Photopyrogram Showing Re la t ive  OH Concentrations - 
Run 31, T, = 829 F. 

Note: Relative concenbrations are dznsted 
3. Lo 3 lowest Lo h i g h e s t ,  

Flow 

Fimre 4-39, Pkstspyrogsm Showing Relative OH Ceneent :at ions - 
Run 29,  Ta = 612 F ,  



Flow 

Note: Relative Concentrations a r e  Denoted 1 t o  3 
Lowest t o  Highest 

Figure 4-38. Photopyrogram Showing Relative OH Concentrations - 
Run 23, Ta = 612 F. 



V E L O C I T  PROFILES 

A determination of the two-dimensional proper t ies  of the  f i lm coolant and 

a i r  streams without combustor flow was made. The pressure p r o f i l e s  were 

measured a t  the  entrance t o  the  mixing chamber with p i t o t  probe rakes 

(0.060 diameter) used i n  conjunction with a mercury-filled manometer bank. 

The ve loc i ty  p r o f i l e  data f o r  t h e  a i r  and f i lm coolant streams a r e  pre-  

- sented i l l  Figs. 5-1 and 5-2. The a i r  stream i s  reasonably two-dimensional 

except near the  bottom wa1.l where a separate flow region e x i s t s .  The 

separated flow region i s  a consequence of the  sharp turning angle upstream 

of t h e  entrance t o  t h e  mixing chamber. Since t h i s  region is  r e l a t i v e l y  

f a r  from t h e  t h e o r e t i c a l l y  ca lcula ted  mixing region, it can be assumed t o  

have a negl ig ib le  influence on t h e  mixing l ayer  of i n t e r e s t .  

The f i lm coolants a r e  reasonably two-dimensional a t  t h e  i n t e r f a c e s  of t h e  

primary streams, i .e. ,  a i r  and combustor exhaust products. A separated 

flow regton i s  evident near t h e  s i d e  wal l  f o r  reasons s i m i l a r  t o  those  

given above. This, a lso ,  can be assumed t o  have a minimal influence on 

t h e  mixing region. The tabs  depicted on t h e  f igures  were used t o  r e t a i n  

t h e  quartz windows. 
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General C o d i t  ions 

No. Date psig OF tlmidity psig THE0 S= 29.35 MR ft/sec. 'c" See. 



1 Tank 1 bjection 2 w e c t i o a .  
Pressure, Pressure, sure, Pressure, 

1 31.61 1030 818 31 18 67 28.65 
2 30.71 1005 802 34 20 136 28.54 
4 28.56 944 760 33 18 143 29,42 

021  29.92 980 8% 34 25 141 29.75 
041 29.69 974 826 33 2 1  133 29.53 

5 30.14 1007 848 32 1 1 We42 
10 29.81 996 822 31 22 131 30.42 
11 1 980 820 36 26 137 30~42 
1 2  28.00 864 740 31 20 133 30.86 
13 1 874 734 25 17 132 31.08 
14 28.11 846 738 27 19 127 30.86 

---" - . - - --- -- - -- - - - 15 Misfire 
16 29.81 946 838 27 20 116 31.19 
17 29.13 904 806 28 19 130 29.64 
18 28.00 926 750 24 18 122 28.65 
l g  29.02 986 798 33 27 138 29.75 
20 29.92 1052 844 I 25 123 30.75 
2 1  30.26 1060 848 2 8  24 126 30.53 

29 23 1 2 1  29.64 
25 20 120 30.42 
23 18 119 30.86 

27 30.26 1058 85 2 29 22 114 
28 30.71 10% 894 26 1 115 31.30 
29 29.92 1082 840 2 1  17 3-20 9 .53  
9 30003 1086 &a 1 16 116 30.75 
31 1 1092 r 2.5 19 122 
32 30.48 1124 €60 4 23 120 30.86 
33 30.37 uzz 4 2 1  16 111 31.08 
34 30.26 1098 850 19 15 a 6  30.86 
35 30.48 1078 858 zo 16 r 3l.ag 
36 9.37 1062 1 29 22 115 50.97 
37 30.48 1064 854 23. 15 u 6  
38 4 1060 858 25 22 122 31.08 
39 30.14 1046 834 27 4 120 30s64 
40 29.81 1004 816 ao 14 107 30.9 



Water Geohnt 

P %'anlr1 %Injection 2 wection 
Pressure, Pressure, essue, Pressure, 

1 31.61 1030 818 31 18 67 28.65 1043 815 28 
2 30.71 1005 802 9 20 136 28.54 1047 809 2 7 
4 28.56 944 760 33 18 143 29.42 980 772 26 

021 29.92 980 8% 34 25 141 29.75 1028 754 31 
041. 29.69 974 826 33 2 1  133 29.53 1008 781 32 
5 30.14 1007 848 32 1 1% 30.42 1056 821 30 
10 29.81 996 822 31 22 131 30.42 1016 800 3 3 
11 1 980 820 36 26 137 30.42 1020 799 36 
1 2  28.00 864 740 31 2 0  133 p e g  1042 820 35 
13 1 874 734 25 17 132 31.08 1060 82 8 2 9 
14 28.11 846 738 27 19 127 30.86 1042 806 3 3 

-- - - -- --- - -- - - .- 15 Misfire 3- 

16 29.81 946 838 27 20 116 31.19 u 2 0  820 23 
17 29.13 9 4  806 28 lg  130 29.64 1078 748 2 5 
18 28.00 926 750 24 18 122 28.65 946 700 26 
1-9 29.02 9% 798 3 27 138 29-75 1022 740 32 
20 29.92 1052 844 1 25 123 30.75 1 0 9  7% 30 
2 1  30.26 1060 848 28 24 126 30.53 1096 i 2 7 
22 29.58 1056 846 27 22 u g  30.08 1056 810 24 
23 29.13 1022 840 1 17 116 1 1030 804 2 7 
24 29.02 998 806 29 23 1 2 1  29.64 1012 780 31 
25 29.69 1044 842 25 20 120 30.42 1062 820 24 
26 29.81 1052 844 23 18 119 30 .86 lo& 832 24 
27 30.26 1058 85 2 29 22 u 4  4 10% 838 26 
28 30.71 1086 8% 26 1 115 31.30 U20 854 26 
29 29.92 1082 840 2 1  17 120 30.53 1068 812 2 2 
30 30.03 1086 842 1 16 116 30.75 1060 1 25 
31 1 1092 1 25 19 122 1 1062 816 2 3 
32 30.48 1124 860 4 23 120 9.86 1078 842 26 
33 30.37 2.3-22 1 2 1  16 1u 31.08 1076 844 2 5 
9 30.26 1098 850 19 15 116 30.86 1060 838 22 
35 30.48 1078 858 20 16 1 31.19 PO84 860 23 
36 30.37 1062 1 29 22 115 30.97 1050 854 30 
37 30.48 1064 854 2 1  15 ~6 3 1098 840 23 
38 1 1060 858 25 22 122 31.08 1096 838 25 
39 30014 1046 834 27 4 120 30.64 1044 848 29 
40 29,81 1004 816 20 14 PO7 3Q.3Q 1042 842 25 



Low Pressme GN P i h  Coohnt  
2 

1 0.85 1 *LO 0.050 2 1  11 0 60779 369 04 0.341 
2 0.97 1.45 0 ,060 27 14 0.0775 421.8 0.388 
4 0.96 1 .47 1 33 20 o ,0761 4 ~ 8 ~ 6  0 .392 

0 2 1  1.02 0 .070 14 0 0 80793 453 06 0.407' 
041 0.99 1*59 1.46 0.060 5 - 7 0 .om7 414.9 0.f191 
5 0.96 1 .38 1 10 -2 0.0797 406.5 0.381 

l o  1.09 1.80 0.080 13 1 1 460.5 0 .431 
11 1.10 1.84 1 10 -6 0.0803 463.6 G ,436 
1 2  1.05 1.65 0.070 9 - 5 0.0802 440 . g 0,414 
13 1.10 1.83 0,080 7 - 9 0.0803 462.3 0,436 
14 1.11 1,89 1 13 -3 0 00794 472.1 

- -- - -- -- - - -- - .-.- -" - -- --- - 
0,443 

15 Misf ire -I--- 

- -% 

16 1.13 2 .02 0 .ago 30 1 2  0.0773 493 .5 0.455 
17 1.22 2 . 9  0.110 24 4 0 .0788 523 *2 0.487 
18 1.19 2,19 0 .lo0 17 2 O*O797 504.6 0.472 
l g  1.22 2.37 o ,110 28 7 o .0778 529 06 0.491 
20 1.01 I. .62 0 .o70 26 12 0 ,0769 446.2 0.412 
2 1  1.12 2 .O2 O .OgO 35 17 o .0761 497 *3 0.456 
22 1.17 2 .z5 0 .lo5 47 27 0 LO751 526.2 0.478 
23 1.17 2.28 0 .lo7 55 34 0.0'740 533.4 0.481 
24 1.15 2 el9 0 e l 0 1  54 1 1 523 06 0.472 
25 1.10 2 ,01 0 *Ogl 5 1 33 0.0742 502 .7 0.454 
26 1.12 2 eO7 0.095 46 2 7 OoO750 506 *7 0 .46O 
27 1.14 2 922 0 ,103 62 41 0 eO729 530.8 0,475 
28 0.92 1.43 o .062 1 48 OeO717 435 06 0 *387 
29 1.06 1.89 o .085 63 45 0 .0723 494.8 0.441 
30 1.01 1 .71 0 .076 59 4 3 0 .0726 471 .2 0.421 
31 1.09 1 095 0.088 52 34 0 *0739 496,4 0.448 
32 1,04 1.83 o .082 5 9 42 0 e0723 487.2 0.436 
33 0.93 1.47 o .064 64 50 0.0711 443 03 0,393 
34 1.04 1.84 0 ,082 5 9 42 0 00723 488.4 0,473 
35 0 . 9  1.65 0.424 41 2 9 0 ,0761 401.4 0.364 
% 1.03 1 a74 0.077 50 34 o ,0736 471.7 O A25 
37 1.03 1 4 51 35 0 eo735 472.1 1 
38 1.03 1.99 0,313 58 42 0,0737 473 06 0.424 
39 1.05 s .88 0 .084 62 44 0.0721 494 .1 0 .441 
40 1.02 2.18 0 0579 5 7 42 0 .0751 459 61 0,411 



High Pressure GN, Film Coolent 
L, 

Duct lhle t Duct In le t  In le t  Inlet 
R u n  Flow Pressure Pressure Temp. Temp. Density 

3 
Velocity 

0 No. 1b/sec. Psd,pslg Pmc,pslg TSd, OF Tmc, F Ymc, l b / f t  Vmc, f t /sec.  

1 4043 
2 4.55 
4 s 

021 4.58 
041 4.56 

5 4958 
10 4.53 
11 1 
1 2  4.63 
13 4.55 
14 4.57 
15 Misf ire -' 
16 4.40 
17 4.62 
18 4.58 
19 4.63 
20 4.45 
2 1  4.36 
22 4.39 
23 4.41 
24 4.48 
25 4.42 
26 4.37 
27 4.30 
28 4,39 
29 4.46 
30 4.40 
31 4039 
32 4834 
33 4.27 
34 4035 
35 4.43 
36 4.42 
37 4.43 
38 4435 
39 4e.38 
40 I 



LOX Oxidizes 

1 6.22 764 729 -262 -266 331 
2 6.34 728 740 -289 -145 1 
4 6.13 750 72 3 1 -155 32 7 

0 2 1  6.23 744 710 -3Q1 -127 308 
041 6.18 746 1 4 

5 6.17 738 701 
10 6.23 

t 
-294 

W2 
750 709 -100 308 

11 6.27 740 702 -295 -162 305 
12 6.22 742 709 -207 -164 313 
13 6.11 722 6-74 -335 -189 2 75 
14 5.70 726 664 -283 -181 

-- -- - - --  
273 

15 Misfire - - - b% 

16 5.92 750 701 -282 -148 9 3  
17 6.64 866 822 -287 -175 402 
18 5.49 720 651 -283 -15 1 2 75 
1.9 6,17 780 742 - 2 9  -169 340 
20 5.81 72 8 711 -274 -167 324 
2 1  5.91 722 1 -276 -176 
22 5.77 674 663 -289 -183 

-288 -173 
2h 

23 5.89 728 716 328 
24 5.79 726 703 -289 -180 315 
25 5 .83 72 8 701 -287 -1% 32 5 
26 5.65 720 679 -276 -174 293 
27 5.58 724 680 -285 -171 300 
28 5.65 726 679 -281 -183 301 
29 5 075 738 688 -276 -184 1 
30 5.79 722 677 -292 -199 2%) 
31 5.82 738 691 -287 -205 300 
32 5.66 706 669 1 -188 286 
33 5*63 70s 65 2 -281 -194 273 
9 5.70 712 65 3 -291 -173 271 
35 5.79 702 693 1 -195 309 
% 5.81 714. 703 -280 -198 3 u  
39 5.79 718 693 -284 -185 307 
38 5.82 710 6 9  -285 1, 308 
39 5.64 70s 682 -285 -204 
40 g .65 73-2 689 -289 -176 307 

294 



GH2 Fuel 

Venturi 
Inlet Injection Inlet 

Run Flow, Pressure, Pressure, Tew ., 
No. lb/sec. PS Q3 Psb3 ?F A P 

1.15 
1.16 
1 010 
1.15 
1 012 
1.16 

1 
1.14 
1.15 
1 814 
1 012 

Misf ire 
1.16 
1 el5 
1.16 
1.14 
1 813 

1 
1.15 
1 el3 
1 .14 
1.15 
1.17 
1.14 
1.13 

1 
1.14 

1 
1 *07 
1 .12 

1 
1.13 
1.14 

1 
1 *12 

1 
1 ,%4 



DATA mE>UCTIOM C O W U W R  PROGRAMS 

A hot  f i r e  d a t a  reduction computer program was w r i t t e n  t o  minimize the  time 

required t o  reduce the  f a c i l i t y  operat ion parameters. Equations and ca lcula-  

t i o n s  required t o  reduce the  raw d a t a  i n t o  a workable form were assembled and a 

computational sequence was formulated. The program performs a l l  the  necessary 

ca lcu la t ions  t o  e s t a b l i s h  the  operat ing condit ions of the  various u t i l i t i e s  and 

the  i n i t i a l  condit ions of the  combustion gas, a i r  stream, and f i l m  coolants  a s  

they e n t e r  the  mixing chamber, It was wr i t t en  i n  FORTRAN language and w a s  used 

i n  conjunction with a General E l e c t r i c  440 Timesharing Computer. In addi t ion ,  

a supplementary FORTRAN computer program e n t i t l e d  "Manometer Bank Pressure' '  was 

wr i t t en  t o  shorten the  time required f o r  d a t a  reduction of the  t e s t  s e c t i o n  s t a t i c  

pressure data. 

The program, e n t i t l e d  SSMIX, consisted of a main program which handled t h e  majori ty 

of the  da ta  reduction, two "function" subroutines which convert m i l l i v o l t  values t o  

temperatures i n  degrees fahrenhei t  f o r  chromel-alumel and iron-constantan thermo- 

couples, and a subroutine which ca lcula ted  Mach number by an i t e r a t i v e  procedure 

given values of A/A* ( ~ e f .  8). 

Given below a r e  program summaries, a d e f i n i t i o n  of program var iables   a able 7 - l ) ,  

program l i s t i n g s  ('Table 7-2), a da ta  input  P i s t ,  and a p r i n t o u t  f o r  a % m i c a 1  run 

 able 7-3). 



TABLE 7- I -- 

SSMIX PROGRAM VAIRUBUS 

GENERAL 

IRUN - Run Number 

IDATE - Run Date 

PA - Atmospheric Pressure  

TATM - Atmospheric Temperature 

RH - Rela t ive  Humidity 

TLVK-1 H I G H  PRESSURE WATER SYSTEM 

CWH 

DTWPll 

DTWP12 

DTWP13 

PWHI 

PWHT 

TWHT 

T W P l l  

TWP12 

TWP13 

VWHT 

VWLl 

W l . 2  

- Flowmeter Cycles 

- Line 11, 3/4-1nch Ou t l e t  Del ta  Temp 

- Line 12, 1-l/2-1nch Ou t l e t  Del ta  Temp 

- Line 13, 1/4-1nch Ou t l e t  Del ta  Temp 

- . I n l e t  Pressure 

- Tank Pressure 

- Tank Temperature 

- Line 11, 3/4-1nch Ou t l e t  Temperature 

- Line 12, 1-1/2-1nch Ou t l e t  Temperature 

- L i n e 1 3 , 1 / 4 - I n c h O u t l e t T e m p e r a t u r e  

- Tank Temperature (Ic) 

- Line 11, 3/4-1nch Ou t l e t  Temperature ( I C )  

- Line 12, 1-1/2-lnch O u t l e t  'Femperature (IC) 

( In t ege r  ) 

( 1nteger  ) 

(psis > 
( F )  

( p e r c e n t )  

( Cycles ) 

( F  

(F )  

( F )  

( P i g )  

( P i g )  

(F) 

( F )  

(F )  

(0 

(m) 

(m) 



T!mh;E 7-1 (~ont") 

W 1 3  - Line 13, k/4-Inch 0uSle"eempesature (IC) 

WWH - Flowsate 

TANK 2 - LOW PRESSURE WATER SYSTEM 

CWL 

D W l O  

PWLI 

PWLT 

W l O  

TWLT 

VWLT 

W l O  

WWL 

- Flowmeter Cycles 

- Line 10, 1-Inch Ou t l e t  Del ta  Temperature 

- I n l e t  Pressure 

- Tank Pressure  

- Line 10, 1-Inch Ou t l e t  Temperature 

- Tank Temperature 

- Tank Temperature ( I C )  

- Line 10, 1-Inch Ou t l e t  Temperature (IC) 

- Flowrate 

A I R  STREAM 

AMC - Mixing Chamber I n l e t  Air Acoustic Veloc i ty  ( f t / s e c  ) 

AMCAS - Dimensionless Area Rat io Equation i n  Terms 
of Mach Number i n  Mixing Chamber 

ASDAS - Dimensionless Area Rat io  Equation i n  Terms 
of Mach Number i n  t h e  Duct 

AVSD - Acoustic Veloci ty i n  Duct 

MMC - Mixing Chamber I n l e t  Air Mach Number 

MSD - Mach Number i n  Duct 

PMC - Nxing~ Chamber I n l e t  A i r  P ressure  

PMCG - Mxing Chmber I n l e t  A i r  Pressure 



PMCPO 

PRA 

PSD 

PSDA 

PSDPO 

RMC 

RSD 

TMC 

TMCF 

TMCM 

TSD 

TSDA 

TSMY) 

VMC 

VSD 

WA 

YA 

I sen t rop ic  Pressure Rat io Equation i n  
Mixing Chamber 

Pressure  Rat io  PA/PSD 

Stream Pressure i n  Duct 

Stream Pressure  i n  Duct 

I s e n t r o p i c  Pressure Rat io  Equation i n  Duct 

Mixing Chamber I n l e t  A i r  I k n s i t y  

Stream k n s i t y  i n  Duct 

f i x i n g  Chamber Inlet  Air Temperature 

Mixing Chamber I n l e t  Air Temperature 

I s e n t r o p i c  Temperature Rat io  Equation i n  
Mixing Chamber 

Stream Temperature i n  Duct (F)  

Stream Temperature i n  Duct (R 

I s e n t r o p i c  Temperature Rat io  Equation i n  Duct 

Mixing Chamber I n l e t  Air  Veloc i ty  

Stream Temperature i n  Duct (cA) 

Flowrate 

Expansion Factor  

LOW PRESSURE NITROGEN SYSTEM 

AMCANL - I s e n t r o p i c  Pressure Rat io  Equation i n  
Mixing Chamber 

AMCN& - Mixing Chamber I n l e t  GN2 Acoustic Veloc i ty  ( f t / s e c  ) 

ANLSDV - h c d  GN2 A c o u s t i c  Vefocity ( r%/sec ) 



ASDANL 

MNLMC 

MNLSD 

PMCNL 

PMCNLG 

PMCPNL 

PNL 

PNLSDA 

PRNL 

PSDPNL 

RNLMC 

RNLSD 

TMCNL 

TMCNLF 

TMCTNL 

TNL 

TNLSDA 

TSDTNL 

VMGNL 

VNL 

WNL 

YN%, 

Isent ropic  Pressure Ratio Equation i n  Duct 

Mixing Chamber I n l e t  GN2 Mach Number 

Duct GN2 Mach Number 

Mixing Chamber I n l e t  GN2 Pressure 

Mixing Chamber I n l e t  GN2 Pressure 

Isent ropic  Pressure Ratio Equation i n  
Mixing Chamber 

Manifold Pressure 

Manifold Pressure 

Pressure Ratio PA/(PNL + PS) 

Isent ropic  Pressure Ratio Equation i n  Duct 

Mixing Chamber I n l e t  GN2 Density 

Duct GN2 Density 

Mixing Chamber I n l e t  Temperature 

Mixing Chamber I n l e t  Temperature 

I sen t rop ic  Temperature Ratio Equation 
i n  Mixing Chamber 

Manifold Temperature 

Manifold Temperature 

Isent ropic  Temperature Ratio Equation i n  Duct 

Mixing Chamber I n l e t  GN2 Velocity 

Manif o l d  Temperature ( IC ) 

Expansion Factor 



TABU 7-1 (~ont'd) 

H I G H  PRESSURE GN FILM COOLANT 
2 

MNH - 
PNH - 
PNHA - 
PNHMC - 
PNHMCG - 
PMCPNH - 
PPONH - 
RNHMC - 
TNH - 
TNHA - 
TNHMC - 
TNHMCF - 
TTONH - 

~ M c h  Number i n  Duct 

Manifold Pressure  ( p s i & )  

Manif o l d  Pressure  ( p s i s  > 
Mixing Chamber I n l e t  GN2 Pressure (psis) 

Mixing Chamber I n l e t  GN2 Pressure ( p s i g )  

I s en t rop ic  Pressure  Rat io  i n  Mixing Chamber 

I s en t rop ic  Pressure  Rat io  i n  Duct 

Mixing Chamber I n l e t  GN2 Censi ty  

Manifold Temperature 

Mantf o l d  Temperature 

Mixing Chamber I n l e t  GN2 Temperature 

Mixing Chamber I n l e t  GN2 Temperature 

I s en t rop ic  Temperature Rat io i n  Duct 

VNH - Manifold Temperature (IC) 

VNHMC - Mixing Chamber I n l e t  GN2 Veloci ty 

WNH - Flowrate 

LOX OXIDIZER CALCULATIONS 

B - Adiabat ic  Compressibi l i ty  

COX - Flowmeter Cycles 

BPOXI - I n j e c t o r L k L t a P r e s s u r e  

PC - Chmber Pressure 

POX1 - Inlet Pressure 



ROX 

TOXC 

TOXI  

VOXC 

VOXI 

WOX 

- Task Pressure 

- Vapor Pressure 

- LOX Density 

- Satura t ion  Density 

- I n l e t  Temperature 

- I n j e c t o r  Cooldown Temperature 

- I n l e t  Temperature 

- I n j e c t o r  Cooldown Temperature 

- I n l e t  Temperature ( I C )  

- LOX Flowrate 

KYDROGEN FUEL CALCULATIONS 

DPHI 

PHI 

PHIC 

PHVI 

THI 

VHI 

WH 

XKH 

- In jec t ion  Delta Pressure 

- I n l e t  Pressure 

- I n l e t  Pressure 

- Venturi I n l e t  Pressure 

- I n l e t  Temperature 

- I n l e t  Temperature ( I C )  

- Flowrate 

- Isent ropic  Flow Coeff ic ient  

ZH - Compressibility Factor 



C N - 
CSTAR - 
PRPC - 
TCSTAR - 
TC I+ - 
TC 5 - 
T C ~  - 
WT - 
XMR - 

C* Efficiency 

C* 

Pressure Ratio PC/PA 

Theoret ical  C* @ MR of Test 

Theoret ical  C* @ MR = 4.0 

Theoret ical  C* @ MR = 5.0 

Theoret ical  C* @ ME? = 6.0 

Tota l  Flow 

Mixture Ratio 

A I R  HEATER TEMPERATURES 

Heater Bed Temperature 1 

Heater Bed Temperature 2 

Heater Bed Temperature 3 

Heater Bed Temperature 4 

Heater Bed Temperature 5 

Heater Bed Temperature 1 (CA) 

Heater Bed Temperature 2 ( C A )  

Heater Bed Temperature 3 (CA)  

Heater Bed Temperature 4 ( C A )  

Heater &d Temperature 5 ( C A )  

(percent )  

( f t / s e c  ) 



~ C J  F**S ~ F ; S ~ A K  ~ 5 % ;  IX  P 8 9 / 6 9  J 3 ' .  SABDL 6 4: C i. 

I Or,  
1 5 IIE!?L KSi;ak;l \ :CsVNLSDs ILiNLMCr MNH 
20 CALL 3PE-Nb' ( 1 a"XDATA"a 2 )  
25 t i E A i j ( 1 a  tttCr,'UrI DATErPAaTATMaRH 
3 0 C  #c%+*TAi%K 1 - HKGH P R E S S U R E  WATER SYSTEM***+& 
35 hE.AL,( l a  ) CKHa PGV1HTa PWHI r VGjHTa VWPI l a  V K P 1 2 r  V W P l 3  
LIO \<.:kH=. 1 129#CE:h 
45 TG;HT= I C 2 N  C V t ~ i t i ? ' )  
50 T i C P l l = I G : 3 N ( V b P l l  
5 5  T I ~ : P l 2 = L C Z R  (,\ /k.P12) 
60 T G ; P I ~ = I C Z N ( V G I P I  3 )  
65 DTMP 1 1 ='I i . c i J  1 t -1 b,H T 
7 0  DCLIP 12=li'i..I;:i 2-?b.HC 
7 5  DTLP13='I 'L:Pl 3 - T P H T  
hOC - # t ; c r  t:'S'r-\&u( 2 - Lab! P K E S S U ~ E  G:ATEFi SYSTE(rr+b+.kJel: 
$ 5  KEACi(1r  C \ - ; L . ~ F E ! L T J P ~ ; L K ~ V N L T ~ V ~ ~ P I O  
90 bihL=. 1 1  0% gCb:L 
95  TbaL'I'=IC;jii, ( \ / i . .L1')  
loci I ' i . .? lO=ICZi\ ;  ( V i : P I O )  
105 ~ i i ~ P 1 0 = T j . . P 1 C i - T h L T  
1 I O C  W # * * A l H  SYSTEM***** 
1 1 5  ~ E A u ( I ~ ) P s o ~ V S D  
1 20 -i SLi=CRiiL (\i SL; 1 
1 2 5  TSCA=TSiJ b460.  
1 30 i jSLA=PSL' bPA 
1 3 5  J ~ S D = ~ . ~ # P S ~ J A / T S D A  
14O P f < A = P A / (  P S D k P A  ) 
145  YA=SQHT(  ( ( 1 e - e 7 3 2 # + 4 .  )/(1e-e732k*4.*PRr?k*l*4285T))*c(C3-s* 
l b G h P k A k # 1 . 4 2 8 5 7  1 . - P H A * J : . 2 8 5 7 1 4 )  > # ( I  e*PRA) 1 )  
155 C . f i = 1 6 e 2 ' / t : Y A * S O K T C P S D * K S D )  
l6C1 AVSU=49.  kSOh-T ( T S D A )  
165 PiiSD=3.'/t, @\.A/ ( t iSUJcAVSD)  
1 7 0  kSuAS=(l  . / ; ( iSL) )# ( ( (2 . / 2 .4 ) . (~ (1 .  kQ2++5Si)/:*2.) ) t :*3 . )  
1 7 5  A h c A S = ~ 5 3 6  kASl )AS  
1 6 0  CALL KACH (Aii;CASr MMC ) 

155 TSD'S3=1 . /( 1 e k a 2 k Y i S D c c 2 . )  
1 9 0  TNC?"3=1 ./ ( 1 .  b.2*(vjMC**2.) 
195 T N C = (  R'tCT:3/ TSDi 'a  ) #'CSDA 
200 T N C F = T K C - 4  60 . 
205 A F C = 4 9 .  kSGi?'i '(Tl\/iC) 
2 1 0  VNC=I.'iMC hA;.iC 
215 PSLJPLI=Ie/( ( l e  bc2$iviSl).#*2e )*&3*5) 
220 P;<CP3=1 e /  ( 6  1. b c 2 C M M G * 5 ( C 2 e  )**3*5) 
2 2 5  PF.'!:=(PbCTJ;3fPSL,P3 IJIPSBA 
230 P C ~ C W P P C - P A  
2 3 5  K ; t C = 2  e 7 k?i'irCP?'KC 



- .  
2diOC; * c ;: C CL;II.. PKLSSCIKL N % l'k@ G E N  SYSTEM* t* Csbr 
2 h ! S  kk:',i?1/( 1 *r 1 ~ ' I Y L E ~  VNL. 
2 5 0  Ti\lL= PI C2(\  ( V k L  1 
2 5 5  l 'hl..S!3A=TNL b.460. 
260 i3NLSi)A=J-'XL I-PA 
265 ? k k L = P A /  (PNL. b P A  ) 
2 7 0  Y~\r t=SQlt ' I ' t  ( ( l e - . 5 7 7 . k k 4 .  ) / ( I  es .S77CC4.  ~PliI\ iLiCCl.42851))&-.(  ( ( 3 e S t c  
;r!7Sti-'i-~~L,kC1e42857)I:(lo-PkkLCi(02~5714))/(l~~PRNL))~ 
2 1 3 0  I + k L = 4 . 7 9  +:YhL i:S(;jii'i( P l L L S D A r ( P N L / ' I ' N L S D A )  
Pt'i5 F i N L S D = 2 o  7 k P N L S U A / T N L S D A  - 
290 ANLSLtV=49.  i iSGI\ 'T(  T I L L S l j A )  
2 9 5  ivr \ \LSiI=l  1 ~ 4 7 4 C b . X L i '  0 t N L S I ) I : t l I ~ L S D V )  
300 A S D ~ N L = ( ~ ~ / F ; ' ~ L S ~ , > & ( ( ( ~ O / ~ O ~ ) # ( ~ ~ I - O ~ * K ~ \ ~ L S D C ~ ~ ~ ~ ) ) ~ J ~ S O )  
305 AP;C&NL= 4 3 4  i;ri SbANL 
3 1 0  C % L I  I-~&'~-Cii (Aiv:C;i\ i \ ;L.rFNLCiC) 
315 "1 i : j i : ; '~ ' !u~=t , . / [  1 .  c . % ~ : ~ v ~ ~ \ ; L s L ) ~ I ; z o )  
320 'i'Y,,C'~iuL=l . / ( 1 .  f= .2 eE4NLlvrCiClt2. ) 

325 TI\iCKL= (i ' l": .CliNt/S'SI).TNL ) i C T N L S D d  
330 TP;C;XLF= T C ; C N L - 4 6 0  e 

335 AC;C; \ 'L=49 0 9  li SOtiT ( Tlvr CNL ) 
3 40 V;~.C;U L=$INLKC kA,%Ci\'.L 
345 i2bDP(\JL=l . / ( ( 1 .  k . Z J c K N L S D k t t 2 .  ) l r # 3 0 5 )  
350 P X C P N L = l o / (  ( 1 .  f = ~ 2 C l r ? ( \ l L M C ~ ~ 2 ' o ) C * 3 0 5 )  
355 r p ; c R L =  t PWCPNL/PSDPNL ~ P N L S D A  
560  i"i\,CNLG zP tVCNL-PA 
365 I.t iuL+:C=2 D 6 1 * ? M C N L / T M C & L  
3 7 0 C  % & k c k h ' I i ; #  P K S S U R E  GN2 FILN C a a L A N T i C k C # *  
375 hEAi'( 1 3  )PNHsVNH 
3 E G  T h H =  I Cab!  ( V K H  
385 TNHA=Th'ki  I-460. 
390 Pl \ rh 'A=PNH I-PA 
3 9 5  PP8bH =0 9 6 8  
400 PCiCFi\'H= e 52 Fs 
405 KNH=. 122 
41 0 T'j'GNH=o 999 
4 1 5  ~ ~ H = ~ . ~ ~ ( ~ : I ' ~ ~ ~ - I A / ( ? P ~ ~ H * S Q R T ( T N H A ) )  
420 TNHr .>C=*  E ; 3 3 3 3 d c ' i l u H A / T T Z l N H  
425 T h h i . r C F = ' C i ~ H l l i C - 4 6 0  e 

430 \/X&i..C=49*9*SOhT('I1\!H(V'rC) 
435 PNHi/r(;= ( P I \ ' C P i \ j H / P P a N H  iCFJNHA 
440 Ph'h?1CG =PiLH(YIC-PA 
445 kNH$:Cz2 B 61 e P ( \ I H N C /  T N H M C  
4SOC * * + # + L @ X  0XIDIZER CALCULATIBNS#c*** 
455 H E A ~ I C I *  ~ ~ c ~ ~ a x ~ ~ a x ~ ~ ~ a x ~ ~ v s x n ~ v a x c  
460 'd'S:<I- IC'3N CVr i iX I  1 
465 ' l2>):(:= 6 C.;dg ( V g X c )  
476) 'k'd..:CT8XS CSSS* 6 6 8 ) / 1  e 8  



TABm 7-2 (Continued) 

4 7 5  I-.2:::62. i,2I:PP'/ t: C 1 * 41 4203- - 0 0 1  03301 6 6TY-%m23Ee5*'!"r(  k 6 2 -  ) 

4 f i O  j 'L=i3Ai :LXP(  5 e % 3 h ' 2 7 9 9 e /  r29b3d1ti 1 / T I ( - 4 1  958.931 RTKI: #2 9 3 
4 t . b  k;=heO5'/9(:Li:fl t -5-  1 e 9 9 3 8 5 1 E - 6 t : T X  b l  . 2 8 6 0 0 3 6 E - 8 c l ' K + c 2 .  
490 i<: : iS- ;4 iSS:( \O~t:FiCtPl3X a b P A - ? V ) k l - ) k + * l  
4 9 5  b.:jX=e 1 7 0  77k-3 # C ~ X * l i ~ X  
SOP DPFXE =P3XI - P C  
S 0 5 C  k k g k k H Y D h 3 G E N  FUEL C A L C U L E ; T i Z h S + + l : # k  
5 10 hEiliL) ( I *  ) f'tiV Ia .PH I r VH I 
5 1 5  T h I = I C h h ( V H I )  
5 2 0  X X E = ( ( ( T h l b 6 0 e ) / 2 0 0 * ~ # e 0 ~ 0 1 3 ) k r 0 1 3 6 ~  
525 PhtC=- :2h t  b p i +  

530 Z K = 4 . 6 2 5 i J S E - S k P t i I C b e 9 9  
535 \.ti=( CF'HVi b P f l ) / b ~ R T t ' l H I  t-460. ) ) k S Q R T ( 1  e/Zh)*XKh 
54Ci UPI; [=pH I -  PC 
b 4 S C  + iL t: k #J-)LkE'3F(MAf\lCE PAFCA~~ICT'EF~SC (L k i( k 
550 i'l<;'C= ( 1°C blW~ ) /  PA 
5 5 )( i.; r.; = W 13 )< / i.; H 
560 b.'T='v!'d;ibi..H 
565 Cb '1 'AR=130 .  i: ( P C  b:'A ) /C;T 
5 7 0  ?C4=((((l'C;bPA)-300. ) / 2 0 0 e ) * l S r ) ~ S 1 4 6 .  
5-13 i ' C 5 = (  ( ( ( i J C  c ) > A ) - 3 0 0 .  ) /200.  ) #30.) bTIE393. 
5F;O ' I G 6 = (  ( ( ClJC b?A )-3004 ) /200.)  k 4 0 . 1  b ' i ' 6 0 0 .  
585 1 F ( X F F 3 ; - 5 * ) 3 0 r ~ 1 0 3 5 0  
590 30 '1.CSTAR.e [ (54 - X M R )  i(( TC4-'i'C5 1 )  k T C 5  
5 9 s  G3 TT3 5 5  
600 LIC; TCS?'AK= l C 5  
665 G : 3  T a  55 
610 50 TCS' i ' rAkrTCS-(  (XIv 'H-5.  ) I : ( T C S - T C 6 ) )  
6 1  5 55  C I \ ! = ( C S T A N / T C S l i l R )  5:100. 
6 2 0 C  + k c k k c i l k  hEA1'Ek iE.Ei.;PEKkTUkLSc+cJc.r 
6 2 5  h 'Et? I )  ( 1 3  )bAH 1 3  V A U 2 r  VAH3.9 \ / A t i f i s  \ /AH5 
630 T,Jr I =C hrhi ( VAH I 
635 T t ! l - . 2 = C i & L ( b A H 2 )  
6 4 0  Ti-?i-;3=Cr(AL ( V A e 3 )  
645 T A ~ ~ ~ = c ~ ~ c \ L ( V A I ' ~ ~ >  
650 Tl'itiSc(;i-tdL ( V A H 5 )  
6556; + + . ( ( t : C P f i I & ' I ' i r U i ' S k i ( k t : #  
660 . i . ' i :  I N T I "  # # (L # : X I k G P i-, :;. G li A L 4( 1: 
6 6 5 & +  i. J( " 
670 1 2 a , t l N T ~ ~ 2 a "  N 2 T E :  DtMt. . i~S1 '4&S 1;::ik PAtIA14E;P'k.l<b t i H E  c-\S k-2.lLLZb!S:" 
6 7 5  r : . l N ' i ' =  t . ~ "  ?'Llv,PkJi~' i ' iJWES -- F D E l l j S i T I E S  - # / F T 3 "  
680 ?i- ,IhlT>" PhESSUkiCS - P S I  G F L , ~ ~ ; s  -. B/sE(;** 
6155 1'; TNTJ" LIk:L!.)GITIES -- C?'/SEC'" 
690 !-')\ IiGTs t 2 3 + k C % * k & + + Q * k k b # # t k C k k  
6956, ;. k * g*' 



TABU 7-2 (Continu& 1 
7 0 C  j J i \  i : \ T r  r 2, "8b;U~ .- "8 %RwreR @\*"DATE .- ""D. %BATE 
7 0 5  $RIic"% 70sPAaTATMrRI-I 
" r 0  PkINTar2str*' * * * S t +  "TANM P -- & l G H  PRESSURE br'rS1'Elt SYSTEK * @ * C ? p ; * '  
"11 S h ' i c i N  755rW\iHr$WHT+PG!HIrTWI-ITrt?Tt;P! !a"!*!P123DTWP13 
720 P K I N T a t 2 a t s w  . k t & # *  TANK 2 - L a k  PRESSURE WATER SYSTEK k # # * k V '  
7 2 5  Pi? iNT 80, \\'\;La PWLTaPWLIr TWLl'a UTG!P 10 
7 3 0  PRINTS t 2 r  r" 4 # # + 9 (  ALE SYSTEM k k k k k "  
7 3 5  Pi? I N T  b5 r PSDa PMCGa TSDa TlVlCFsFiMCs VNCr A ~ ~ C I  MrV1C 
7 4 0  P k  I k T r  t 2 3  t J "  + # # b k  L'2lt.j PPESSURE NI?'HOGEN SYSTEM C * # 6 ( c "  
7 4 5  PFtliYT 9 0 s C . h L r  P N L I P M C N L G ~ - ~ N L , T P ; C ~ J L P S  riNL.NCs VMChLr AMCNLr ViNLMC 
7 5 0  P k I N T r t k ~ t r "  # C J c k #  H I G H  PRESSUkE Nti 'kaCiEN SYSTEN # l t . i r C f W  
7 5 5  PKllVll' 1 0 0 ~ ~ : N F l r  ~ ~ H ~ P ~ W H N C G ~ T ~ ~ H ~ T N H K C F ~  ~ h ' H h C r  VNHKC 
7 6 0  65 PRti\?'r t2.9 t 9" . k * h h P  Lc3X i3XIUIZEH CALCULATI'iilLS C + S t l r t e 8  
7 6 5  PRt'ivT I O S S G ; ~ ) X ~ P ~ X T , P ~ X I ~ T ~ X I S T ~ X C ~ D P ~ X I  
7 7 0  P h I N T a  t 2 r  t a" +*+-*% HYDKaGEN FUEL CALCULATI aNS $4: 8 4 k "  
7 7 5  Pi?INT 1  I O J \ ~ H ~ P H V I ~ P H I ~ T H I ~ D P H I  
780 P k I i h T a t 2 r t a "  # # # # +  PEKFDRMANCE PAHAMETERS 4 * 8 #  kq'  
7 6 5  P i t  I h T  1 1  S J  JJCa PHPCI X M I i r  W T ~ C S T A S < ~ T C S T A ~ ~ C I \  
'(90 Pi; lNTr t2  r  t r " k # k  + &  A I R  H E A T E R  R E D  TEMPERATURES # + k  # # "  
7 9 5  PRINT 120.: ?'AH 1 ~ ~ ' A H ~ J ' I ' A H ~ s  TAH4rTAHS 
800 7C r-3hbiAi; '(/r "P ATK - ' 8 F 5 0 2 s S X r " T  ATM - " F ~ O O I ~ X S * ~ K H  - " F 4 e l 3  
8 0 S b S X ~ ' ' P C / p A  I OEAL - 2 9 0  35") 
810 7 5  FBRii;ATi(/a1'FLBf.; - " F 5 s 2 r 5 X ~ " P  .'I'ANI( - " F ' 6 e l r 5 X r " P  [it - "F6.1,  
8 158 5x3 'IT T A k g  "F4eOr  //,"DT 1 1 - "F4.Oa 5Xa8'DT 12 - " F 4  0 0 . r  5x1 
8 2 c I D " r ~ i '  13 - " F 4 . 0 )  
f i g s  6 0  i;i)Rb.AT(/r"FLilb! - " F S e 2 r S X r " P  TANK - " F 6 . l r 5 X s " P  INLET - " 
8 3 0 A F 6 * l r / / r  "T TANK - " F 4 0 0 a  7 x a " ~ ) T  1 0  - " F 4 . 0 )  
6 3 5  8 5  i;3Rt.:A'T(/r"F'LS)\*j .- " F 4 0 2 r S X r 1 ' P  SD - " F 4 e 3 r S X r " P  MC - " F 5 0 3 r  
F:L;OG//r"T SU - "FS.OaSXr"T t4C - "FSeOa5Xa"RH'd KC - " F S . 4 s / / r  
845€<"1, :?C a " P 6 . 1 5 5 X s " A  - "F6elrSX.9"b'i  - " F 4 0 3 )  
8 5 0  7 0  FlIRP;AC(/a"t.~L'iri:. .c * ' F 4 0 2 r S > ; r " P  N2 - "F4e2a5Xr"fJ  NC - " b ' 5 0 3 1 / / ~  
hS5C"'i '  ,\2 - "F3o0rbX1"T MC o "F3eOrSXr"KHrd I4C - " F 5 . 4 a / / r  
8 6 0 i 8 ' V  id:C - "E'6.1.~5X.e '~A - @'F'6. lrSXs"M - " F 4 . 3 )  
6 6 5  1 C C  FZJ)?bdT(/s"FL'7JW - " F 4 e 2 r 5 X a " P  t\;2 - "F '4 .1rSXr"P MC - " F 6 . 2 ~  
F"70C;5%.*"T N 2  - " F ~ . O J / / ~ " T  MC - "F4.0aSXs"KH3 KC - "F'5.49 5x9 
87Si.."\lE:L N 3  - " F b *  l ) 

F(80 105 FCdki~;A'f(/r"b-LDGi - " F 4 . 2 r S X a " P  T A N K  - " F S ~ l a 5 X s " P  I N  - *'I7S.la  
t - i 3 b c . / / a n ' T  I h  - "FSeOr5Xa"T  C2OL - " F ' 5 . 0 ~ 5 X ~ " D P  [ N J  - " F 5 e 1 )  
E;9G 1 l G  F B F ; ' I ~ ; A T ( / ~ " F L ~ ~ . ; ~ -  " F 4 . 2 a S X a W P  \/EN IN - "f.'6.l,SX,"P [ N  -. "F6.  l a  
F j S s r i / / ~ " T  H 2  - " F 4 . 0 a  SXB"DP I N J  - "F5.1  ) 

9 ( !0  1 1  b FiltiP'ATC /a  "PC a "FS.  l r  SXs"PC/PA 'It; 5.23 SXr"IV,ii - " F 5 e 2 a S X r  
905L' ' ' l  :;i'nL FLSG: - ' lF4e 2r  / / r S @ C C  - "F5.O.v S S S " ' ~ ' H L ~ F (  C b - "F5 .0s  5X1 
9 1 C ; r * " ~ T r i  C-# - " F S . 1 )  
915  I 2 c i  FQhi%A'i"( /a9 'T BBE 1 - ' T 5 e 0 r 3 X ~ " T  BED 2 - "FS.Oa3Xr 
9%nsW-i. ;*ED 3 - 1 ~ ~ 5 e ~ 0 3 ~ , w ~ r  E E D  4 - e 8 ~ ~ s ~ s / / s v v ' ~   BE^) s - C 1 ~ ~ . ~ ~  

$2225 iJhI i '<Ta t2.9 t 9 ' '  + # C I C * # k C C C C I + # # C # - & +  
93(!.j,;.! 1: # 9: + * &  

93h aPiiiiLTr r 2 #  $ 2  
999  L N k  



NQTE: DIMENSIONS FOR PARAMETERS A R E  AS FBLLBWSr 

TEMPERATURES - F DENSITIES - #/FT3 
PRESSURES - PSIG FLBWS - #/SEC 
VELOCITIES - FT/SEC 

R U N  - 30 DATE - 62570 

P ATM - 13.91 T ATM - 80. R H  - 34.0 PC/PA 

***** T A N K  1 - HIGH PRESSURE WATER SYSTEM ***** 
FLOW - 30.03 P T A N K  - 1086.0 P IN - 842.0 

DT 1 1  - 21. DT 12 - 1 6 r  DT 13 - 116. 

***** T A N K  2 - L0W PRESSURE WATER SYSTEM ***** 
FLC?!,! - 30.75 P T A N K  - 1060.0 P INLET - 812.0 

T T4NK - 78. DT 10 - 25. 

***** AIR SYSTEM ***** 
FLQC.' - ? 027 P SD - e 6 6 6  F' MC - Oc002  

T 5I-j - 786. T M C  - 770. RHB MC - e0306 

V P.'C - 5 2 0 0 3  A - 3718.2 M .- *303  

* * 

IDEAL - 29.35 

T TANK - 8 3 r  



T A B U  9-3 (Continued) 

***** LQW PRESSURE NITRWGEN SYSTEM ***** 
FL8W 1 a 0 1  P N2 1.71 F' MC - 0.076 
1 NP - 5 9 .  T MC - 43. RHW MC - a0726 
V MC - 47102 A - 1119.0 M - a421 

***** HIGH PRESSURE NITROGEN SYSTEM ***** 
FLQbJ - 44.40 P N2 - 15.0 P M C -  1.53 T N2 a 44.  

T MC - -39. RH8 MC - e0957 VEL N2 - 102402 

***** LOX OXIDIZER CALCULATIQNS ***** 
FLOW - 5079 P TANK - 722.0 P IN - 677.0 
T IN - -2920 T CBQL - -199. DP INJ - 290.0 

***** HYDRBGEN FUEL CALCULATIBNS ***** 
FLBIW - 1.14 P VEN IN - 1974.0 B IN - 814.0 

T W 2  -- 98. DP INJ - 427.0 

***** PERFaRMANCE PARAMETERS ***** 
PC: -. 3 8 7 r 0  PC/PA - 28.82 M R b  5.08 TBTAL FLBW - 6 . 9 3  

6* - 9526. THE@R 6+ - 7885. E"F A* - 95.4 

***** A I R  HEATER BED TEMPERATURES ***** 
T R E D  1 - 927. T BED 2 - 7 4 i 8  T BED 3 - 95ga T 4 - 828. 

T BED S .-. 936, 



Tlais program reduced desired f a c i l i t y  pa rme te r s  from t e s t  f i r i n g  raw data. Three 

major subsystems were involved: (1) LOX-GH2 rocket  motor, ( 2 )  ON2 f i lm coolant, 

and (3)  heated air. For da ta  reduction purposes these  three subsystems a r e  

fu r the r  divided a s  follows: 

1. LOX-GH2 Rocket Motor 

a. Tank 1 - High Pressure Water System 

b. Tank 2 - Low Pressure Water System 

c. LOX Oxidizer Calculations 

d. Hydrogen Fuel Calculations 

e. Performance Parameters 

2. EN2 Film Coolant 

a. High Pressure GN2 Film Coolant 

b. Low Pressure Nitrogen System 

3. Heated A i r  

a. Air Stream 

b. A i r  Heater Temperatures 

Data reduction f o r  each of the  above was handled separate ly  i n  a labeled sect ion 

of the  program. 

SSMlX DATA INPUT 

Data were entered i n  pemanent f i l e  XBAm. Nine l i n e s  of data  were imputted as 

shown below, 



IRUr\!, IDATE, PA, TAD{, RR 

C W ,  F W ,  PWI, VWIrP, Wl1, W 1 2 ,  VWPl.3 

CWL, PWLT, PWLI, VWLT, W l O  

PSD, VSD 

PNL, VNL 

PNH, VNH 

PC, COX, POXT, POXI, VOXI, VOXC 

PHVI, PHI, VHI 

VAH1, VAH2, VAH3, VAH4, VAH5 

It should be noted t h a t  a l i n e  number was required and a comma was needed t o  

separate each d a t a  variable.  

Function Icon 

This function performed temperature sca l ing of m i l l i v o l t  values from i ron-  

constantan thermocouples with a l5OF reference junction i n  the  range of -11.2 

t o  +53.2 m i l l i v o l t s  (-320 t o  1 8 0 0 ~ ) .  Scaling w a s  accomplished by separa t ing 

the  64.4 m i l l i v o l t  range i n t o  smaller ranges, each being f i t t e d  with a t h i r d -  

order polynomial equation, The breakdom was a s  follows: 

,2 MV Range -11.2 t o  -11.0 MV 

1.0 MV Range -11.0 t o  -10.0 MV 

2.0 MV Ranges -10.0 t o  0 MV 

4,O MY Ranges 0 -to +52.0 MV 

1, O Range "52.0 "C -+ 73.0 MV 

.2 FW Range +53.0 to "53.2 W 



The program (Table 7-4) se lected the correct equakiolz from "ce milbivol- t  value 

4- 
md. solved f o r  the temperature, Accuracy is with in  - Leo Fof NBS s"r;adasds, 

??unction Cral 

This function performed temperature scaling of m i l l i vo l t  values of chromel- 

alumel thermocouples with a 323' reference junction i n  the range 0 t o  55 m i l l i -  

vo l t s  (32 t o  2504~) .  Scaling was accomplished by t r e a t i n g  the  55-mill ivolt  range 

as eleven 5-mill ivolt  ranges, each being f i t t e d  with a third-order polynomial 

equation. The program  a able 7-5) s e l ec t s  the  cor rec t  equation from the  m i l l i v o l t  

f 
value and solves f o r  the temperature. Accuracy i s  within - 1.0 ?of NBS standards. 

Subroutine Mach 

This subroutine  able 7-6) ca lcu la tes  the  Mach number f o r  the  f i lm  coolant  and 

a i r  streams i n  the range between .01 and 1.00 by an i t e r a t i v e  procedure given a 

value of A/A*. The assumption of a per fec t  gas ( K  = 1.4) is u t i l i zed .  It i n i t i a l l y  

assumes a Mach number of 0.5 and ca lcu la tes  A/A*. Then by comparison t o  the  given 

value of A/A* it ad jus t s  the  Mach number u n t i l  agreement within 0.0001 i s  achieved. 

PROGRAM MANOW'FER BANK PRESSURE 

The program, e n t i t l e d  Manometer Bank Pressure, was a simple program t h a t  was 

wr i t t en  t o  shorten the time required f o r  da ta  reduction of the  t e s t  sec t ion  s t a t i c  

pressure data,  %he ca l ib ra t ion  da ta  was fed i n t o  the program together with the r a w  

da ta  by a punched tape, The p rogrm -then converted the measured l i qu id  Level t o  

pressure via the  q p r o p r i a h  equation dependiiag on t h e  particular f l u i d  in the 



TABLE 9-4 

FWCTIQM ICON - LQCIC 

7000 FdhCTIrJiU ECBN(XMV1 
7 005C 
7010C IHOl\i C3NSTANTAN THERMdCQUPLE MILL I VOLT T O  OEGREES F C3luVEWSI r21N 
7 01 5C 150 DEGREE REFERENCE JUNCTI Q N  TEMPERATURE 
7020C J T. SAB3L 12/18/68 
-7 02 5C 
7030 IF(XKVeGE.-11 -2*AND*XMV0LEeS3*2) GQ T0 S 
7035 T=99990 
7040 G3 .TO 140 
7045 5 IFCXNV) 10rSOrs0 
7050 10 I F ( X N V ~ L T I - ~ O * * A N D * X M V ~ G T * - I ~ * )  Ga TQ 40 
7055 IF(XMVOLEO-IIO) G B  T B  45 
7060 N=IABSCINT(XMV/~)) 
7065 I=N b l  

7070 V=XMV b2 m*N 
7 0 7 5  bJ T3 CI5r20~25~30r35~3S)r I 
7 0 8 4  15 T = - *  1 5*V*Vb33*85*VblSO* 
7085 G 3  Ti3 130 
7 0 9 0  20 T=-eS*V*Vb34e 5*Vb81 07 
7095 Gd TO 130 
7 100 25 T = - * 8 * V * V  b3Se9*V~10*7 
7 105 G3 Ta 130 
7 110 30 T=-1 03*V*Vb38*4*V-64*3 
7 1 1 s  G J  ra 130 
7 120 3 5  i=-2.65tV*V b43.0S*V-l4603 
7125 63 TW 130 
7130 40 V=Xb'~Vbl00 
7 135 T = - 8  .*V*V bS40 *V-243. 
7140 6.S TQ 130 
7  145 45 V=Xi4Vb l l 
7 1 5 0  T=-5Os*V*b P65.*V-305* 
7155 G0 T J  130 
,7160 50 I P ( X M V ~ b T e 5 2 . ' * A N D e X I Y I V ~ L T ~ 5 3 . )  Ga Td I20 
7165 IF(XHV.GE.53e) Gd TQ 125 
7 1 70 L=IkT(XMk/4* 3 
7 175 i=& PI 
7 180 V = W I V - ~ .  *r\ l  
7 1 8 5  GJ T 3  ( ~ ~ , 6 0 r 6 5 ~ 7 0 ~ ~ / 5 ~ 8 0 ~ 8 S 0 9 0 0 9 ~ 0  100~1105al to81 1581 15)s 1 
7 190 5 5  C=-m08-45*V*V t 3 3 * 5 2 S * V  & I  5 0 e  
7 1 9 5  ~a 13 130 
7200 6 0  F = - . 0 5 % V * V P 3 2 * 6 * V & % W  
- 1 2 0 5  63 Td 130 



TABLE 7-4 (Contbd) 

95 r=-0  1625*V*V~29097S*V~l182* 
GO TB 130 

100 T=-a 1 *V*Vb28.7*VbI299.3 
G0 T0 130 

10s T=-*02s*V*V b28.15*Vbl412bS 
GB r0 130 

110 r=*375*V*V+27*65*Vb1524.7 '  
GO r0 130 

1 1  5 T=-*0375*V*V b30eS75drVbP64f e 3  

Gd Ti3 130 
120 V=XNV-520 

T=r4*V*V c29*8*V b1763. 
GO TO 130 

125 V = X v V - 5 3 .  
T=2O**V*V b26.*Vbl793.2 

130 IFCT) 135r140r140 
135 IC2%S=INTCT-eS) 

Gd Td 999 
140 ICBN=INTCTt.S) 
999 RETURN 

END 



m C % I O N  CRAL - LOGIC 

b u ~ ~  FUNCTION CRAL(XMV3 
8005C 
801 0C CHk9NEL-ALdKEL THERK3C9UPLE PILLIVBLT T9 DEGREES CONVEHSIWJ 
F 0 1 5C 32 I jEkKEE HEFEKENCE JUNCTION TEVPEHATURE 
6020C Jn T * SABDL 12/27/68 
t<0%5C 
b 0 3 0  IF(XMV*GE*O.O*AND*XNVeLE*55* 1 GB TQ 5 
8 0 3 5  T=9999* 
8040 Ga T0 65 
8 0 4 5  S ~=I~vT(XMV/S. 1 
8 0 50 I=N b 1  

8 0 5 5  \/ =XP',V-5 0 *N 
6060 G a  T3 (101 1 5 ~ 2 0 ~ 2 5 r 3 0 ~ 3 5 ~ 4 0 r 4 5 a S O a S S a 6 O r 6 0 ) ~  1 
b065 10 T=-*216*V*V644e94*Vb320 
F070 GB f(3 6 5  
h( ) ' / 5  15 f=-.048*V*V b4S**V k251 .3 
b060 G 8  T0 65 
KO35 20 T=-.125*b*V 644.08*V b475.1 
P 0 90 GO T(3 65 
8 0 9 5  2 5  T=-mO48+V*V b42072*V ,69203 
U I00 GO T0 65 
h 105 30 T=-o016*b*V b42*28*Vt904e7 
PI10 G(3 TO 65 
F115 35 T=*064*V*V642.36*V61115e7 
6120 6(3 T3 6 5  
6.125 40 T = o 1 6 8 * V * V ~ 4 2 e 7 4 * V b 1 3 2 9 . 1  
El30 GB TB 65 
8 135 45 T=*206*V*L +43.88*V b 1  547.  
8 140 Gd T0 65 
6 1 4 5  50 Tz.1 76*V*V~45.68*V~17.71 e 6  

8 1 50 G 8  T0 65 
8 1 5 5  55 T=*240*V*V b47e32*V b2004.4 
8 I40 GO TQ 65 
8 165 40 T=*240*V*V bSOe2*V ~2247. 
6 170 65 CRAL=INTCTk.5) 
8 1 7 5  99 RETURN 
8 180  END 



- 1  O ( l P  bdE3k';bT i A . k  +>Act4 (A, X M 3 ;  
1005 C 
101C:C 1.H I S  Fii3i;HAiY GIVEI\! At\ A/A i :  VALUE S W L V E S  b'BH MACH NUPDZ'~? 
1 0 1  5 C  (IS l N i :  AN I I 'EHATIVE PFi3CEEOUKEe PK'JGRAM h [ L L  S O L V E  FVK MACH 
1 O%OC i vb lbbEKS HETkEEN e 0 1  AND 1.00. 
i i)%bC; 

1 0 3 0  X b i l = . O l  
1035 ) ; i"2=1 . 
1 0 d : O  S X i > 3 = ( X P  \ bXP12) /2*  
1045 ~ \ i 4 = ( l e / X l ~ 3 ) + ( ( ( 2 e / 2 . 4 ) b ~ e 4 / 2 e 4 ) I : i \ : Y ! 3 . k i ( 2 a ~ ~ * 3 e )  
1050 I P ' C ( A L ; S ( A A - A >  I e L T e  e 0 0 0 1  1 C;3 T3 2 5  
0 t b A -  ) 1 0 s  253 1 5 
1060 1C) ;<i > 2 = X b 3  
1 0 6 5  (33 ' j;JI 1- 
1070 1 5  X i " : I = X P 3  
1 0 7 5  i;8 'i'J 5 
1080 2 5  hZ TCi,it\ 
1099 END 



manometer tube, The measurement o f  t h e  l i q u i d  level was derived from photographs 

ometer hank during t e s t i n g ,  Reduction of t h e  film c l i p s  Lo physica l  

d h e n s i o n s  w a s  accomplished through u t i l i z a t i o n  of a Vanguard Piotion Analyzer, 

Manometer bank tubes denoted 1, 2, 3 ,  6, 7, 9, 13, 20 contained Hydrazine 

Tetrabromide (s.g. = 2.96, 1 in = .lo7 ~ s i ) .  Tubes 4, 5, 8, l4, 17 and 18 

contained FS-5 a f luor inated o i l  (s.g. = 1.86, 1 i n  = .067 ps i )  and t he  remain- 

ing tubes contained water. A l l  manometer bank f l u id s  were dyed with methylene 

blue. A program summary i s  given in Table 7-7 and a t yp i ca l  printout is  shown 

in  Table 7-8. 



ICIC V A N O M F T F R  RANK PRESSURE PROGRAM 
15c  
90 DTMFNSTCIN 7ERflC319r RDC319 
3 5  CALL nPFNFC 1 rWMDATA"s 29 
30 R E A D ( l r  ) C Z E R O ( I 9 a I = 1 . 3 1 )  
35 1 ?FAD( I a ) J RUN, C44s CO 
4n ~ F f i D C t r ) C R D C I 9 a I = l r 3 1 9  
4'5 PQTNTp" RlJN - " 8  I R U N  
50 PRINT, t ? ~ "  N0. INCHES PRESSe", 9 

55 S P O N = C 4 4 - C O  
C. n C P I , = ~ ~  . /SPAN 
A =I nn 1 0  r = i , 3 1  
70 XIN=(CRDCI)-CO)*CAL9-%ERI?CI) 
7 5  G f l  T 0 C 3 s ? r 2 r 4 r 4 r 2 r P r 4 a 2 r 6 a 6 r 6 s 2 r 4 s 6 r 6 r 4 r 4 s 6 s 2 r 6 ~ 6 r 6 s 6 r 6 r 6 ~ 6 ~ 6 ~  
RnRha6,h)r I 

3 P P F S S = X T N * . I O ~  
Q n Fn TO U 
95 4 PQFSS=XTN*.O67 
1 no G r l  T(;1 9 
In? 6 P Q E S S = X I N * . O ~ ~ I  
110  '7 p 4 I N T  20, I r X l N r P R E S S  
1 1  5 I O CO);VTTNIJr 
117 "P INT 303 
l ? O  Gr3 T9 1 
13'5 gn F~QMATCI3,3XrF6.3a2XrF6.39 
1?7 3 0  F m P M A T C / / / / / / / / / / / / / / / / / / / / / / / / / I / / / / / )  
130 END 

READY 



BANK PmSIJm - 
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Attn: Chief, Liquid Propulsion Technology, OART, RPL 

Jack Suddreth, OART, RPL 
Alfred Gessow, OART, RR-2 
Director,  Launch Vehicles and Propulsion, OSSA, SV 
Director,  Advanced Manned Missions, OMSF, MT 
Chief, A i r  Breathing Propulsion, RAP 
Chief, F lu id  Dynamics, RRF 
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PERFORMANCE ANALYSIS OF PROPULSION SYSTEMS 
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1 Marshall Space F l i g h t  Center ,  
Alabama 358 

upon ob ta in ing  a  more comprehensive d e s c r i p t i o n  of  t h e  r e s u l t a n t  flow f i e l d  and a  
, more p r e c i s e  eva lua t ion  o f  t he  tu rbu len t  t r a n s p o r t  p r o p e r t i e s ,  
I Under Cont rac t  NAS7-521, a  f a c i l i t y  f o r  s tudy of  t h i s  phenomenon was con- 

s t r u c t e d  and checked ou t .  Cha rac t e r i za t ion  and d i agnos t i c  experiments,  t oge the r  w i t h  
some d a t a  a n a l y s i s  were accomplished under t h e  p re sen t  con t r ac t ,  NAS8-24568, and 
a r e  descr ibed  he re in .  

The flow f i e l d  experimental ly  s tud ied  was the' two-dimensional mixing of 
f u e l - r i c h  supersonic hydrogen-oxygen combustion products  and a  subsonic hea ted  a i r  
stream. The mixing was accomplished i n  a chamber a c ~ e s s i b l e  t o  both o p t i c a l -  and 
probe-type ins t rumenta t ion  systems. 

A t o t a l  o f  36 t e s t s  has been conducted which included s t u d i e s  of (1) f i l m  
coolant  i n t e r a c t i o n ,  (2) t h e  two-dimensionality o f  t h e  flow, (3)  a i r  temperature 
e f f e c t s ,  (4) v e l o c i t y  r a t i o  e f f e c t s ,  (5) a i r  st$eam turbulence  e f f e c t s  ,and (6) con- 
f i g u r a t i o n  e f f e c t s .  The da t a  gathered cons i s t ed  of  (1) t e s t  s e c t i o n  s t a t i c  p re s su re ,  
( 2 )  mixing l a y e r  temperature,  ( 3 )  p a r t i a l  p re s su re  of H20, (4)  photographic informa- 
t i o n  (UV, I R ,  and s c h l i e r e n ) ,  and (5) f a c i l i t y  opera t ion .  
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